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The o p t i c a l  p rope r t i e s  of evaporated s i l v e r  and 
barium f i lms  have been inves t iga t ed  i n  t h e  wavelength 
ranga f r m  !SO0 t o  3OQO f l ,  
wi th  unpolar ized l i g h t  were made a t  two angles  o f  
incidence,  17.5' and 72.5', and the  components of  t he  
complex index o f  r e f r a c t i o n  obtained f r o m  graphica l  
s o l u t i o n s  of t h e  Fresne l  r e f l e c t i o n  equat ions.  The 
films were prepared i n  an u l t r a h i g h  vacuum re f l ec to -  
meter having a base pressure o f  about 5 x t o r r .  
Radiat ion f r o m  a hydrogen g low discharge l i g h t  source 
was d ispersed  by a normal incidence vacuum monochromator 
which was o p t i c a l l y  connected t o  t h e  u l t r a h i g h  vacuum 
system by means of a sapphire window. 
Reflectance measurements 
The energy loss func t ions ,  as computed f r o m  
t h e  o p t i c a l  constants ,  were compared wi th  published 
c h a r a c t e r i s t i c  e l e c t r o n  loss data .  
of r e f r a c t i o n  o f  barium w a s  f i t t e d  t o  a Drude model f o r  
which t h e  plasma energy was f ixed  a t  7.42 eV and the  
The complex index 
damping w a s  allowed t o  be energy dependent. 
v i  
I. INTRODUCTION 
- In the last two decades studles of t h e  interac- 
tion of vacuum ultraviolet radiation with matter has 
become a major field of experimental physics.' 
has increased in recent years because space technological 
advances have brought about direct contact, both human 
and instrumental, with pure solar radiation.' 
experimentation, such as solar emission ~tudies,~ were 
developed to study the nature of the sources of vacuum 
ultraviolet radiation. However, this same radiation has 
proven a very useful probe for investigating the nature 
of the material with which it is interacting. As a 
simple example, absorption and photoionization measure- 
ments on gases yield valuable information about the 
spectroscopic structure of the gas. 
Interest 
Thus some 
4 
The interaction of electromagnetic radiation with 
solids is an equally fruitful field of investigation. 
The quantities which determine the optical properties of 
a material are the same ones which determine many other 
observable quantities. Thus, optical work, in the ap- 
propriate wavelength range, can be related to phenomena 
such as the photoelectric effect, photo-conductivity, 
characteristic electron energy loss, or any other effect 
1 
J 
2 
which i s  determined by c r y s t a l l i n e  band s t r u c t u r e ,  
U l t r a v i o l e t  r ad ia t ion ,  which merges a t  high energ ies  
with x-rays and a t  low energies  w i t h  t h e  v i s i b l e  
spectrum, provides a broad range which encompasses many 
i n t e r e s t i n g  phenomena i n  s o l i d s ,  These phenomena, 
c o l l e c t i v e l y ,  provide a mult i - faceted frame a g a i n s t  
which t h e  t h e o r e t i c i a n  can t e s t  h i s  mode l s ,  
This work  i s  concerned w i t h  t h e  i n v e s t i g a t i o n  of 
the  o p t i c a l  cons t an t s  of barium and was accomplished by 
measuring the  r e f l ec t ance  of a plane barium su r face  
under varying condi t ions  of i nc iden t  r ad ia t ion .  (As 
w i l l  be seen la ter ,  most work of t h i s  type i s  done by 
means of r e f l e c t a n c e  measurements. ) The assumption t h a t  
t h e  na tu re  of t h e  f i r s t  few hundred Angstroms of  t h e  
m a t e r i a l  i s  i d e n t i c a l  t o  t h a t  o f  the bulk m a t e r i a l  is 
i m p l i c i t  i n  t h i s  technique. This requi res ,  a t  l e a s t ,  
t h a t  t h e  su r face  be f r e e  of contamination, The p resen t  
measurements were the re fo re  c a r r i e d  out  under u l t r a h i g h  
vacuum condi t ions  i n  which the  minimum monolayer t i m e  
w a s  1000 seconds o r  more. Barium was chosen because i t s  
5 
h ighly  r e a c t i v e  n a t u r e  provided a chal lenging material 
and because published datab ind ica t ed  t h a t  t h i s  metal  
should 'nave i n t e r e s t i n g  o p t i c a l  p r o p e r t i e s  i n  a vacuum 
u l t r a v i o l e t  range t h a t  was experimental ly  accessable  
wi th  t h e  a v a i l a b l e  apparatus.  
. 
11. TERMINOLOGY AMD TECHNOLOGY O F  OPTICAL CONSTANTS 
The Complex Index of  Ref rac t ion  
The o p t i c a l  p rope r t i e s  o f  absorbing media may be 
descr ibed by a complex index of r e f r a c t i o n  
n' = n - i k ,  (1  1 
where n i s  c a l l e d  t h e  r e a l  p a r t  of the  complex index and 
k t h e  e x t i n c t i o n  coe f f i c i en t .  As f o r  t r anspa ren t  media, 
t h e  r e a l  p a r t  has t h e  familiar d e f i n i t i o n  
n = c/v, ( 2  1 
except t h a t  v i s  t h e  phase v e l o c i t y  of a plane wave 
having cons tan t  amplitude along a wave f r o n t .  The ex- 
t i n c t i o n  c o e f f i c i e n t  descr ibes  t h e  damping of the  wave 
a s  i t  t r a v e r s e s  the  absorbing medium and i s  r e l a t e d  t o  
t he  absorp t ion  c o e f f i c i e n t  p of  Lambert's law 
(I = Io e-pz) by 
P = 47wb ( 3  1 
where h i s  the  vacuum wavelength o f  t h e  r ad ia t ion .  The 
absorp t ion  c o e f f i c i e n t  is propor t iona l  t o  t h e  absorp t ion  
c ros s  s e c t i o n  cr, 
P = Lo% (4) 
1 9  where Lo = 2.687 x 10  /cm3 i s  Loschmidt's number. 
The complex index of r e f r a c t i o n  may g e n e r a l l y  be 
3 
4 
s u b s t i t u t e d  d i r e c t l y  i n t o  r e l a t i o n s h i p s  which desc r ibe  
d i e l e c t r i c  media, but w i t h  a changed i n t e r p r e t a t i o n .  For  
example, a modified form of  S n e l l ' s  law 
(51 t s in9  = n s inx,  
i s  va l id .  However, t h e  angle of r e f r a c t i o n ,  x, i s  now 
complex and t h e  r e a l  p a r t  o f  t h e  complex index i s  no 
longer  simply r e l a t e d  t o  t h e  r e a l  angle  of r e f r a c t i o n .  
The d i f f i c u l t y  occurs because an inhomogeneous wave, i.e., 
one f o r  which t h e  planes of constant  phase a r e  no t  para l -  
lel t o  those of constant  amplitude, can e x i s t  i n  an 
absorbing medium. I f  a plane wave i s  obl ique ly  inc iden t  
upon a plane m e t a l l i c  surface,  d i f f e r e n t  p o i n t s  on a plane 
of cons tan t  phase of the r e f r a c t e d  wave t r a v e r s e  d i f f e r -  
e n t  l eng ths  of absorpt ion pa thO7 Thus, the planes of  
cons t an t  amplitude a r e  p a r a l l e l  t o  t he  su r face  of t h e  
metal  and those o f  constant  phase a r e  perpendicular  t o  
t h e  d i r e c t i o n  of propagation of t he  r e f r a c t e d  wave. 
This l e a d s  t o  t h e  r e s t r i c t i o n  on t h e  d e f i n i t i o n  of v i n  
Eq. ( 2 ) .  
I f  S n e l l f s  l a w  i s  w r i t t e n  i n  the  fomn 
s in9 = n1 s ine,  ( 6 )  
where 8 i s  i d e n t i f i e d  as t h e  r e a l  angle of  r e f r a c t i o n ,  
and n1 and an assoc ia ted  kl a r e  r e a l  q u a n t i t i e s  which 
descr ibe  t h e  o p t i c a l  p rope r t i e s  of  the medium, then  t h e  
o p t i c a l  constants ,  n1 and k l ,  become func t ions  o f  t he  
5 
angle  of incidence ( P . ~  They bea r  t h e  fol lowing r a t h e r  
complicated r e l a t ionsh ips  t o  t h e  true o r  "normal i n c i -  
dence" o p t i c a l  constants ,  n and k, 9 
2nl 2 -   
2 2 1  2 2 [ ( n 2  - k2 - sin2cp)' + 4n k 3 "  + (n' - k + s i n  c p ) ,  ( 7 )  
2 2  n k  
2 - (n2 - k2) s i n  c p I  
L J 
2 2 - k + s i n  c p ) ) ,  2 - (n 
A medium can be d e s c r i b e d e q u a l l y w e l l  by i t s  
frequency-dependent complex d i e l e c t r i c  constant  E (0) ,
which i s  r e l a t e d  t o  t h e  o p t i c a l  cons t an t s  by 
E ( W )  = E + i e 2  1 
- n '2  
( 9 )  = (n2 - k 2 ) - 2ink. 
The real  p a r t  o f  the complex d i e l e c t r i c  constant ,  E , , i s  
t h e  ord inary  d i e l e c t r i c  cons t an t  usually assoc ia t ed  wi th  
d i e l e c t r i c  media, 
where a(o) i s  t h e  
many experimental 
and t h e  imaginary p a r t ,  C2, i s  g iven  by 
E 2 ( d  = 4m(d/0, (1  0) 
conduct iv i ty  o f  t h e  medium. There a r e  
techniques f o r  determining m e t a l l i c  
o p t i c a l  constants ,  o r  equiva len t ly ,  t he  components of t h e  
complex d i e l e c t r i c  constant. Some o f  them w i l l  be d i s -  
cussed i n  the  following sec t ions ,  a l though not  
J 
t 
6 
necessarily in their historical order of development . 
Historical Techniques 
Perhaps the most obvious approach to the optical 
properties of absorbing media would be the dioptric 
techniques common to the experimental determination of 
the absorption cross sections of gases or the measure- 
ment of the indices of refraction of dielectric prisms. 
The former would require transmission measurements on thin 
metallic foils. Aside from the experimental difficulties 
involved in producing pinhole-free and, preferably, self- 
supporting foils, and the problems of measuring foil 
thicknesses, this technique would require correction for 
reflections from the two surfaces of foils before any 
reasonable value of the extinction coefficient could be 
obtained. This, in itself, requires either independent 
reflection measurements, with a corresponding a priore 
knowledge of the optical constants of the foils, or meas- 
urements on several foils of varying thicknesses. Hence, 
simple transmission experiments can provide extinction 
coefficients in wavelength regions where thin metallic 
foils exhibit measurable transmittance. 
The second of the above mentioned techniques, 
analagous to those used with transmitting prisms, was 
actually developed by Kundt" before the tu rn  of the 
. 
. 
I -  
7 
century.  He succeeded i n  e l e c t r o l y z i n g  very t h i n  prisms 
of Cu, P t ,  Fe, B i ,  Au, and Ag on p l a t i n i z e d  g l a s s  and 
measuring t h e  pr ism angles and the arigles of devia t ion  cf' 
t r ansmi t t ed  l i g h t .  Thus, he was a b l e  t o  c a l c u l a t e  t h e  
index of r e f r a c t i o n .  By f i l t e r i n g  h i s  white l i g h t  source,  
he was able t o  observe measurable d i spe r s ion  i n  the  vis- 
i b l e  spectrum f o r  a l l  of t h e  metals except s i l v e r .  He 
convinced himself t h a t  his values  o f  t h e  ind ices  of re -  
f r a c t i o n  were t r u l y  given by n = c/v by immersing h i s  
wedges i n  a l i q u i d  of known r e f r a c t i v e  index and measur- 
i n g  the change i n  t h e  angle of deviat ion.  Had h i s  
measurements been more accurate,  he would, of course, 
have not iced  t h e  d iscrepancies  which m u s t  have e x i s t e d  
because of  t h e  inhomogeneous wave descr ibed by Eqs. ( 7 )  
and ( 8 ) .  
The 
Drude' ' who 
t i o n  o f  t h e  
development 
e a r l i e s t  k a t o p t r i c  techciques d a t e  back t o  
w a s  a c t i v e  both wi th  t h e o r e t i c a l  inves t iga-  
o p t i c a l  p rope r t i e s  of r e a l  media and wi th  t h e  
of experimental approaches t o  determine them. 
I n  Drude's method, a beam of  co l l imated  l i g h t ,  po la r i zed  
a t  an ang le  of 45' t o  the plane of incidence f a l l s  on t h e  
experimental  surface.  The phase change between the com- 
ponent of t h e  e l e c t r i c  vec tor  i n  t h e  plane of incidence 
and t h e  component perpendicular t o  t h e  plane o f  incidence,  
and t h e  r a t i o  o f  t h e  r e f l e c t e d  i n t e n s i t i e s  of t hese  two 
. 
8 
components a r e  measured. This information, along wi th  the  
known angle  of  incidence and the  approximation n2 + k2 >> 
12. i, i s  s - i f l c i e n t  t o  ca l cu la t e  t he  optical constants . 
k/n = sinA tan2JI 
n = sincp tan9 cos29/(1 f cosb sin2JI),  
(11  1 
where A i s  t h e  r e l a t i v e  phase d i f f e r e n c e  of t h e  r e f l e c t e d  
l i g h t  and $ i s  the  azimuth of r e s t o r e d  po la r i za t ion ,  
i.e., t h e  azimuth o f  t h e  plane of p o l a r i z a t i o n  o f  the  re- 
f l e c t e d  l i g h t  a f t e r  it has passed through a proper ly  
ad jus t ed  Babinet compensator. 
Reflectance Techniques 
The usual modern experimental  approach t o  the  
complex index of r e f r a c t i o n  u t i l i z e s  methods which i n -  
volve t h e  measurement of l i g h t  r e f l e c t e d  f r o m  the  ertperi- 
mental samples. A11 of t hese  techniques a r e  based upon 
t h e  Fresne l  equat ions f o r  t h e  r e f l e c t e d  complex amplitude 
of  electromagnetic r a d i a t i o n  f r o m  t h e  plane su r face  of 
an absorbing medium : 13 
= sink - x)/sin(cp + XI, 
(12)  
If S n e l l ' s  law, Eq. (51, and the  s u b s t i t u t i o n  
n '  cosx  = a - i b  
a r e  used, t h e  fol lowing a r e  obtained 0 4 .  
I 
t 
and 
. 
- ( a  - ~ o s c p ) ~  + bL 2 ,  - RS ( a  + c o ~ c p ) ~  + b 
9 
(13) 
? 2 
(a  - s ing  tancpj- + b 
(a  + sincp tancp)' + bL' ' 
(14) RS R =  P 
( 1  6 )  Y -2b  COS^ tan6 = 
8 (a2 + b2 - cos2rP) 
( 1 7 )  -2 coscpC2nka - (n2 - k2)  b] 2 2 tan6 = (n2 + k2)' cos (p - ( a  + b2) ' 
where 
+ (n2 - k 2 - s i n  2 c p ) ,  
- (n' - lr2 - s i n  2 91, 
The s u b s c r i p t s  s and p r e fe r ,  r e spec t ive ly ,  t o  those  
components po la r i zed  w i t h  t h e  e l e c t r i c  vec to r  perpendicu- 
l a r  and p a r a l l e l  t o  the plane o f  incidence.  
a r e  t h e  r e f l e c t a n c e s  ( r e f l e c t e d  i n t e n s i t i e s )  and 6s and 
6 a r e  t h e  phase s h i f t s  f o r  t he  appropr i a t e  components. 
Ra i s  t h e  t o t a l  r e f l e c t e d  i n t e n s i t y ,  t ak ing  i n t o  considera- 
t i o n  t h e  p o l a r i z a t i o n  P, a s  def ined  by eq. (19 ) ,  of t h e  
Rs and R 
P 
? 
i nc iden t  beam. As before,  cp i s  the  angle  of  incidence.  
. 
10 
The f i r s t  t h r e e  of t h e  above equat ions (13 t o  15) 
desc r ibe  t h e  i n t e n s i t i e s  r e f l e c t e d  f r o m  a plane sur face .  
The  nex t  ~ W O ,  ( 7 6 )  and (77), add phase s h i f t  information. 
The se t ,  t he re fo re ,  completely desc r ibes  a l l  of t he  
k a t o p t r i c  information which can be obtained from a 
meta l l ic  surface. 
The gene ra l  l abo ra to ry  technique c o n s i s t s  of 
measuring one o r  more  c h a r a c t e r i s t i c s  o f  t h e  r e f l e c t i o n  
a t  var ious  angles  of incidence. One o r  m o r e  of Eqs. 
(13) t o  (171, o r  some combination of t hese  equat ions then  
a c c u r a t e l y  desc r ibe  t h e  experimental s i t u a t i o n .  The 
a p p r o p r i a t e  equat ion o r  equat ions may then be considered 
a s  a s e t  of  simultaneous equat ions f o r  t h e  unknowns n 
and k, o r  possibly,  n, k, and P. 
As a simple example, Eq. (13) might be considered 
a s e t  o f  two equat ions of t h e  v a r i a b l e s  n, k, and cp .  The 
r e f l e c t a n c e  Rs could be measured a t  t w o  angles  o f  i n c i -  
dence and, i n  p r i n c i p l e ,  the equat ions solved f o r  t h e  un- 
knowns n(cP1, (p2,  R1, R2) and k(cplY cp2 ,  R1, R2). 
r e f l e c t a n c e s  could be measured a t  t h r e e  d i f f e r e n t  angles  
O r  t h e  
of incidence and t h e  th ree  r e s u l t i n g  equat ions inve r t ed  
t o  give n(cP1, 92, cP3, RIY R*Y R3), k(cPIY c p 2 Y  c p y  RIY R21 R3), 
and P(cp,, e t c . ) .  
t h e  p o l a r i z a t i o n  due t o  t h e  monochromatizing apparatus ,  
a q u a n t i t y  which i s  gene ra l ly  unknown f o r  vacuum 
Thus the experiment could a l s o  y i e l d  
11 
ul t r a v i  ol e t  i n s  t rument a t ion. l 5  
t i o n s  cannot be inve r t ed ,  and a graphica l  invers ion  
technique is necessary. A l t e rna t ive ly ,  i t  can be done 
by means of successive approximations us ing  a high speed 
c omput e r , 149’7118 
pointed ou t  t h a t  t h e  choice o f  RS under t h e s e  condi t ions 
would l ead  t o  almost hopelessly inaccura t e  values of n 
and k, even wi th  ve ry  prec ise  r e f l e c t i o n  measurements.) 
Humphreys-Owen’ 
which make use of t h e  Fresnel  r e f l e c t i o n  formulae. Un- 
fo r tuna te ly ,  m o s t  of these r equ i r e  t h e  use of po lar ized  
inc iden t  r a d i a t i o n  and are not e a s i l y  appl ied  t o  t h e  
vacuum u l t r a v i o l e t  region where p o l a r i z e r s  and analyzers  
a re  i n e f f i c i e n t  o r  nonexistent.  
I n  p r a c t i c e ,  the equa- 
1 6  
( A s  a p r a c t i c a l  mat te r ,  Hunterq4 has 
has ind ica ted  nine r e f l e c t i o n  methods 
2 0  
One of t h e s e  r e f l e c t i o n  techniques,  t h a t  of  
measuring t h e  r a t i o  Rs/R f o r  t w o  angles  of incidence,  
is o f  considerable  experimental i n t e r e s t .  The graphi-  
c a l  technique o f  i nve r t ing  the Fresne l  equat ions pro- 
v ides  good accuracy over a reasonable range o f  n and k 
and t h e  method has several  experimental  advantages, 
Nei ther  t h e  sample nor the d e t e c t o r  need be moved be- 
tween measurements of  Rs and R and the t w o  readings 
may be taken wi th in  a very shorpt span o f  time, This 
g r e a t l y  reduces t h e  s t a b i l i t y  requirements on the  l i g h t  
source,  A l s o ,  if the  r o t a t i o n  of the p o l a r i z e r  does not  
P 
P’ 
c 
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t r a n s l a t e  t he  inc ident  beam f r o m  i t s  o r i g i n a l  p o s i t i o n  on 
the  sample, then the  two r e f l ec t ances ,  RS and R 
de tec ted  us ing  exac t ly  the same a r e a  of t h e  photomulti- 
p l i e r  photocathode. 
ac ross  t h e  photocathode i s  e l iminated.  21 
advantages a r e  t h a t  one of  t h e  angles  needs t o  be near  
graz ing  incidence (which app l i e s  a l s o  t o  most  o f  t he  
r e l a t e d  techniques)  where t h e  r e f l e c t a n c e  i s  a s t e e p  
func t ion  of t he  ang le  of incidence ( s e e  Fig. 1 ), and t h e  
ubiqui tous  p o l a r i z e r  problem which plagues workers of  
the vacuum u l t r a v i o l e t  s p e c t r a l  region. 
a r e  
P' 
Thus any v a r i a t i o n  i n  s e n s i t i v i t y  
The main d i s -  
A l l  of t h e  r e f l e c t i o n  techniques mentioned thus  
f a r  have had one th ing  i n  common: I n  each case it was 
necessary t o  measure a t  l e a s t  two independent q u a n t i t i e s  
i n  order  t o  ga in  s u f f i c i e n t  i n f o r m a t i o n  t o  so lve  the  
Fresne l  equat ions f o r  n and k. 
There i s  a d i f f e r e n t  and ve ry  important approach 
which r e q u i r e s  measurement, over a broad wavelength range, 
of t h e  normal incidence r e f l ec t ance  only,  The K r a m e r s -  
Kronig d i spe r s ion  r e l a t i o n s  represent  an i n t e g r a l  t r ans -  
formz2 which r e l a t e s  t h e  r e a l  and imaginary p a r t s  of  any 
l i n e a r  phys ica l  response funct ion,  such a s  the complex 
d i e l e c t r i c  constant ,  the complex impedance of an a.c. 
c i r c u i t , z 3  o r  t he  complex magnetic s u s c e p t a b i l i t y .  As a 
r e s u l t  o f  t h e  p r i n c i p l e  of c a u s a l i t y ,  t he  t w o  components 
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Fig.  1 .  Reflectance vs. Angle f o r  S e l e c t e d  Pairs  
of Optical  Constants. 
curve %, and the lowBr curve R . 
greater than about 7 0  , the ref P ectance  may become a very 
s e n s i t i v e  funct ion  of the geometry. 
The upper curve i s  R,, the  middle 
For ang les  of incidence 
. 
of such a func t ion  cannot be independent. I f  e i t h e r  i s  
s p e c i f i e d  f o r  t he  e n t i r e  energy spectrum, then  the o t h e r  
is determined. The Kramers-Kronig d i spe r s ion  r e l a t i o n -  
sh ips  provide t h e  l i n k  between t h e  t w o  p a r t s .  If Q = 
q1 + jq- is such R qimntity; then t h e  r e l a t i o n s  are 24. 
L 
0 
The symbol P i n  Eqs. (20) and (21)  s tands  f o r  the  pr in-  
c i p a l  value. As i s  evident f r o m  t h e  l i m i t s  of  i n t eg ra -  
t i o n ,  t h e  integrand must be known over a n  i n f i n i t e  energy 
range. This  is, o f  course, impossible s i n c e  the quan t i ty  
m u s t  be determined by means of phys ica l  observations.  
However, t he  quadra t ic  form o f  the  denominator g r e a t l y  
reduces t h e  cont r ibu t ion  f o r  values  of E '  f a r  removed 
f r o m  E. Thus i f  q1 i s  measured f o r  O c E ' ~ E 1 ,  the ca l -  
cu la t ed  values  of q2(E) w i l l  b e  b e s t  a t  low energy and 
be decreas ingly  accura te  a s  E 
nique i s  t o  ex t r apo la t e  q1 i n  some reasonable  fash ion  f o r  
1 -+ El . The usua l  tech- 
energ ies  outs ide  of t h e  experimental ly  observable range. 25 
This g e n e r a l l y  improves q2 f o r  E'<E1, bu t  i s  t o t a l l y  
u n r e l i a b l e  a t  h igher  energies .  
These d ispers ion  r e l a t i o n s  may be used t o  ob ta in  
15 
the  o p t i c a l  cons tan ts  even though t h e  complex index does 
n o t  s a t i s f y  the  condi t ions of a l i n e a r  physical  response 
func t ion  ( c f .  Stern,  Ref. 24). The n o m 1  incidence re -  
f l e c t a n c e  is measured over a s  wide an energy range a s  i s  
experixzectallg feasible, and t h e  phase ca l cu la t ed  by 
means of the d i spe r s ion  r e l a t i o n s .  (Any angle o f  i n c i -  
dence would fill t h e  t h e o r e t i c a l  requirements, but  would 
complicate da ta  reduction s i n c e  e l abora t e  computer o r  
g raph ica l  means w o u l d  s t i l l  be r equ i r ed  t o  solve t h e  
F resne l  amplitude and phase equations,  Eqs. (13) t o  (171, 
a f t e r  an almost equa l ly  complicated numerical i n t eg ra -  
t i o n  o f  t h e  r e f l e c t a n c e  curve.) Also, t h e  use  of nea r ly  
normally inc iden t  
which might a r i s e  
t i o n  i n  the  angle 
sample because of  
r a d i a t i o n  he lps  t o  minimlze any e r r o r s  
f r o m  unknown p o l a r i z a t i o n  o r  t h e  v a r i a -  
of incidence ac ross  t h e  su r face  of  t h e  
some divergence of  the i n c i d e n t  beam. 26 
The complex r e f l e c t e d  amplitude a t  normal i n c i -  
dence i s  given by 
(22 1 r '  = ( n  t - l ) / [ n '  + 1 1  = Ir'l e i e  , 
s o  t h a t  
1 
(23 1 I n  r = lnlr'l + i e  = &In R + i e ,  
where R = Ir ' 2  I is the r e f l ec t ance .  From eq. (21 ) i t  
can be seen t h a t  t h e  phase i s  
I "  
. 
1 6  
Once t h e  i n t e g r a t i o n  has been c a r r i e d  o u t ,  n and k may 
be ca l cu la t ed  from 
1 
(25)  n '  = ( 1  + r l ) / ( l  - r ) = n - i k ,  
s o  t h a t  
and 
- s i n e  k =  
( 1  + R - 2t/fT; cos@) 
I n d i r e c t  Methods 
When a beam o f  ene rge t i c  e l e c t r o n s  i s  inc iden t  
on a t h i n  m e t a l l i c  f i l m ,  i t  i s  found t h a t  some of  t h e  
t r ansmi t t ed  e l e c t r o n s  lose energy i n  d i s c r e t e  amounts 
which a r e  c h a r a c t e r i s t i c  o f  the t a r g e t  ma te r i a l .  27 I n  
some cases  it i s  found t h a t  t h e r e  a r e  f u r t h e r  l o s e s  i n  
mul t ip l e s  of  t he  fundamental loss. For t h e s e  cases ,  t h e  
meta l  i s  w e l l  descr ibed by  the f r e e - e l e c t r o n  Drude model 
f o r  which t h e  d i e l e c t r i c  cofistant i s  given by  28 
n -  
and 
2 2  , E = -2nk = tJ(1 + U T  ) 2 
where w 
t i m e  a s soc ia t ed  wi th  damping of  the plasma waves. 
i s  t h e  plasma frequency and T i s  t h e  r e l a x a t i o n  
P 
The 
17 
value of t h e  fundamental c h a r a c t e r i s t i c  energy loss ( G E L )  
i s  then  given q u i t e  accura te ly  by the  plasma energy of  a 
n sn in t e rac t ing  e l e c t r o n  gas, 
( 3 0 )  z 1  AE = A@ =%(4xne /m)z,  
where n i s  t h e  e l e c t r o n  dens i ty ,  e t h e  e l e c t r o n i c  charge, 
and m t h e  e l e c t r o n i c  mass. Equation (30) becomes i n -  
c r eas ing ly  accura te  w i t h  increas ing  value of t h e  q u a n t i t y  
o ?;. Such metals  have t i g h t l y  bound core e l e c t r o n s  and 
r e l a t i v e l y  f r e e  valence e l ec t rons .  
P 
P 
29 
I n  o the r  metals ,  t he  r e s u l t s  o f  C E L  experiments 
are v a s t l y  d i f f e r e n t  f r o m  t h a t  given by Eq, ( 3 0 ) .  For 
such cases ,  t h e  valence e l ec t rons  a r e  t i g h t l y  bound and 
the  presence of interband t r a n s i t i o n s  se rves  t o  d i sp l ace  
the  e l e c t r o n  loss l i n e  from t h e  value p red ic t ed  f o r  f r e e  
valence e l ec t rons ,  even when c o r r e c t i o n  i s  made f o r  t h e  
p o l a r i z a b i l i t y  o f  t h e  core e l ec t rons .  29 
have r e l a t e d  these  l o s s e s  t o  fnterband t rans i t ions3 '  o r  
31 X-ray absorp t ion  s t ruc tu re .  
Some authors  
The f i rs t  e l e c t r o n  energy loss experiments might 
be  s a i d  t o  d a t e  back t o  L e n ~ i r d , ~ ~  who i n  1895, us ing  a 
spark a s  a source of  e lec t rons ,  i n v e s t i g a t e d  e l e c t r o n  
absorp t ion  i n  s e v e r a l  metals a s  we l l  a s  gaseous media. 
A few years  l a t e r ,  L e i t h H ~ s e r ~ ~  improved t h e  s i t u a t i o n  by 
using a more homogeneous e l e c t r o n  beam. The genera l  
na tu re  of the losses became b e t t e r  known i n  1924 when 
18 
Becke g4 analyzed t h e  secondary e l e c t r o n s  e j e c t e d  by a 
200 eV beam, The modern CEL experiments probably began 
w i t h  R ~ t h e m a n n ~ ~  who inves t iga ted  col lodion,  aluminum 
oxide, beryll ium, aluminum and s i l v e r .  Since tha t  t i m e ,  
much experimental w o r k ,  bo th  wi th  reflected36 and t r a n s -  
mitted3'' e l ec t rons ,  has been done. 
known t h e o r e t i c a l  work o f  Bohm and Fines38 provided a 
p i c t u r e  o f  c o l l e c t i v e  e l ec t ron  i n t e r a c t i o n s ,  i n  which t h e  
s i n g l e  p a r t i c l e  e x c i t a t i o n s  of t he  s o l i d  a r e  d r a s t i c a l l y  
modified by the Coulomb i n t e r a c t i o n  which exists between 
the valence e l ec t rons .  These e l e c t r o n s  may then be a b l e  
t o  p e r f o m  c o l l e c t i v e  (plasma) o s c i l l a t i o n s  having an 
energy considerably removed f r o m  t h e  s i n g l e  p a r t i c l e  
energy d i f f e r e n c e s  . 
I n  addi t ion ,  t h e  w e l l  
I n  1958 F e ~ - r e l l ~ ~  predic ted  t h a t ,  under the 
proper  circumstances, the plasma o s c i l l a t i o n s  exc i t ed  by 
bombarding e l ec t rons  could emit e lectromagnet ic  r a d i a t i o n  
having the  plasma energy. The ex is tence  of th i s  rad ia-  
t i o n  was soon v e r i f i e d  experimental ly  f o r  s i l v e r  by 
Steinmann4' and Brown e t  a l .  41 
r e s u l t s  was followed by a c e r t a i n  amount o f  l i t e r a r y  
debate@ a s  t o  t h e  ac tua l  o r i g i n  o f  t h e  r a d i a t i o n .  
d i s p u t e  seemed best  resolved by R i t ch ie  and Eldridge 
who showed that  F e r r e l l ' s  r e s u l t  was a s p e c i a l  case (and 
one t h a t  gave good i n s i g h t  i n t o  t h e  phys ica l  processes  
The pub l i ca t ion  o f  t h e s e  
The 
43 
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involved)  of t h e  t r a n s i t i o n  r a d i a t i o n  predic ted  by Frank 
and Ginsburg& i n  1945 (see r e f .  43 f o r  f u r t h e r  re feren-  
c e s ) ,  which a r i s e s  when 8 charged p z r t i c l e  pnsses from a 
medium cha rac t e r i zed  by one se t  of o p t i c a l  cons tan ts  i n t o  
one cha rac t e r i zed  by a d i f f e r e n t  s e t  of  o p t i c a l  constants.  
The above C E L  and a s soc ia t ed  work a r e  i n t i m a t e l y  
r e l a t e d  t o  t h e  o p t i c a l  work repor ted  here, because t h e  
c r o s s  s e c t i o n  f o r  t h e  energy loss o f  an i n c i d e n t  e l e c t r o n  
i s  propor t iona l  t o  t h e  imaginary p a r t  o f  the  r ec ip roca l  
of t h e  complex d i e l e c t r i c  cons tan t  o f  t h e  ma te r i a l .  
I n  terms of n and k, t h i s  q u a n t i t y  i s  given by 
45 
(31 2 2  In(?/€) = 2nk/(n2 + k ) . 
Thus, i f  t h e  o p t i c a l  cons tan ts  a r e  determined by o p t i c a l  - 
means, and I m ( l / E )  i s  ca lcu la ted  from them, then t h e  re- 
sult  should be a funct ion which has r e l a t i v e l y  sharp 
peaks a t  t h e  energ ies  where e l e c t r o n  loss l i n e s  a r e  ob- 
served. Discrepancies between d a t a  der ived  f r o m  these  
t w o  sources have indeed motivated the  pu r su i t ,  both i n  
t h i s  r e sea rch  and o f  u l t r a h i g h  vacuum 
o p t i c a l  experiments. 
If,  on t h e  other hand, t h e  p r o f i l e  o f  the  CEL 
l i n e  can be a c c u r a t e l y  determined, and t h e  r e s u l t i n g  
curve proper ly  normalized, t h u s  determining I m ( l / E )  ex- 
perimentally,  then Re( l /c )  could be obtained by means of 
the  Kramers-Kronig d ispers ion  r e l a t i o n s .  The o p t i c a l  
20 
. 
cons tan ts  n and k, could then be ca l cu la t ed  by inve r t ing  
Eq. ( 9 ) ,  and would have been determined by an experiment 
which was almost independent of the  c o n d i t i o n  of t h e  
sample surface. 
Such an experiment has i n  f a c t  been performed by 
LaVilla and Mendlowitz. 47 They measured t h e  CEL spectrum 
of  beryl l ium and normalized it by r equ i r ing  t h a t  t h e  f o l -  
lowing s u m  r u l e s  be s a t i s f i e d :  
and 
2 J w I m ( l / E )  do  = (z/2)oe . (33  1 
0 
Equation ( 3 2 )  i s  t h e  o p t i c a l  s u m  r u l e  and Eq. ( 3 3 )  t h e  
e l e c t r o n  loss s u m  r-de. Since t h e  core  e l e c t r o n s  of 
beryl l ium a r e  very t i g h t l y  bound and w e l l  separated f r o m  
the  energy of  t he  valence e l ec t rons ,  t h e y  chose the  l i m i t s  
o f  i n t e g r a t i o n  such t h a t  only t h e  con t r ibu t ions  f r o m  the  
valence e l e c t r o n s  could be included i n  t h e  above sum 
r u l e s  and requi red  t h a t  wo = we. 
t e r -a ided  approximations, they  achieved the  des i r ed  
normalizat ion and were then a b l e  t o  c a l c u l a t e  t h e  com- 
plex d i e l e c t r i c  constant, o r  equivalently,  the o p t i c a l  
cons tan ts  of  bery l l ium.  
A f t e r  successive com?u- 
The na ture  of the d i e l e c t r i c  constant  i n  the  
* 
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region of a C E L  l i n e  mer i t s  some d iscuss ion .  
f o r  I m ( l / E )  t o  have a peak, it i s  necessary t h a t  both 
c1 (= E‘ - k ) and E 2 != -2rzk) be  small i_n such a manner 
t h a t  I r n ( l / ~ )  i s  l a r g e .  A C E L  i s ,  t he re fo re ,  t o  be 
expected near an energy a t  which t h e  n and k curves cross. 
Some authors4’ have, i n  f a c t ,  t r e a t e d  t h e  vanishing of  
E a s  the  necessary condi t ion f o r  a CEL. However, i t  i s  
I n  order 
2 
1 
n o t  a s u f f i c i e n t  condition s ince  E2 may n o t  have a m i n i -  
mum a t  t he  same point.  I n  general ,  the  CEL l i n e  i s  
expected t o  be a t  an energy s l i g h t l y  higher  than t h a t  a t  
which E l  vanishes.  48 
Some experimenters3’ have observed 10s s e s  which 
l i e  lower than  the  plasma energy o f  t h e i r  sample mater- 
i a l .  
plasmons which, i f  t h e  m e t a l l i c  su r f ace  i s  plane and i n  
contact  with vacuum, should have an energy given by  
R i t ~ h i e ~ ~  has i d e n t i f i e d  t h e s e  l o s s e s  wi th  su r face  
ad*. S t e r n  and Fe r re l l ”  extended t h e  theo ry  t o  include 
the presence of a d i e l e c t r i c  l a y e r  on the su r face  of t h e  
metal .  Their  results r e t a ined  t h e  ex i s t ence  of t h e  loss 
due t o  su r f ace  plasmons and gave the  energy of t h e  loss 
a s  a & F ,  where Ed i s  t h e  d i e l e c t r i c  cons tan t  of the 
d i e l e c t r i c  l a y e r .  This reduces t o  R i t c h i e ’ s  r e s u l t  if 
the  medium immediately adjacent  t o  t h e  f i l m  i s  vacuum. 
These p red ic t ions  have been experimental ly  v e r i f i e d  by 
Powell and Swan36 a s  w e l l  a s  Wagner e t  al. 51 
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XanazawaS2 continued t h e o r e t i c a l  i n v e s t i g a t i o n  of 
t h e  su r face  waves and has shown t h a t  f o r  a f i l m  bounded 
by vacuuml t h e  surface l o s s  should occur i n  a reg ion  
where + 1 vanishes ,  In  analogy t o  F r s h l i c h  and 
Pelzer," he suggested t h a t  Im[l/(E + l ) ]  should have a 
maxim a t  t h e  energy of t h e  lowered losso 
maximum of t h i s  q u a n t i t y  was found near  t h e  lowered loss 
of germanium by Sasaki,  
A broad 
53 
An e n t i r e l y  d i f f e r e n t  approach t o  t h e  I m ( l / E )  
spectrum was worked out  by Yamaguchi51C i n  7 963* 
pointed ou t  t h a t  t h e  absorpt ion of l i g h t  po lar ized  wi th  
t h e  e l e c t r i c  vec tor  perpendicular t o  t h e  su r face  o f  t h e  
film i s  p ropor t iona l  t o  I m ( l / E )  e 
t i o n  measurements on s i l v e r  and, a l though t h e  ensuing 
c a l c u l a t i o n s  requi red  p r i o r  knowledge of the  o p t i c a l  
cons tan ts ,  they were used only f n  the conatant  of 
propor t iona l i t y .  
peak i n  I m ( l / E )  which agreed we l l  i n  p o s i t i o n  and he ight  
w i t h  that c a l c u l a t e d  f r o m  independently determined o p t i -  
c a l  cons tan ts ,  bu t  was somewhat narrowero It i a  not  
c l e a r  which set  of  o p t i c a l  cons tan ts  a c c u r a t e l y  desc r ibe  
s i l v e r ,  t hose  determined by r e f l e c t i o n  techniques o r  
those which could be obtained by Rramers-Kronfg a n a l y s i s  
of  Yamaguchfts d a t a ,  Yamaguchf suggeats t h a t  discrepan- 
c i e s  be a t t r i b u t e d  t o  anisotropy of t h e  o p t f c a l  cons tan ts  
of s i l v e r  f i l m s  . 
H e  
He made such absorp- 
The experimental results y ie lded  a 
I .  
I11 APPAMTUS 
General Experiment a1 Arrangement 
Since I.iifleotion Eieasure*1;E;nte 8Fe, perforce, 3x- 
r 
55 tremely s e n s i t i v e  t o  t h e  su r face  cond i t ion  of the  sample, 
an u l t r a h i g h  vacuum ref lec tometer  was bu i l t  i n  which 
evaporated samples could be prepared, The re f lec tometer  
i s  shown i n  Fig* 2 i n  conjunction wi th  t h e  a s soc ia t ed  
monochromator and the r a d i a t i o n  d e t e c t i o n  equipment, Four 
of the f l a n g e s  i n  t h e  o p t i c  plane o f  t h e  r e f l ec tomete r  
c a r r y  sapphi re  windows which t r ansmi t  radiation of wave- 
l e n g t h  longe r  than 1450 8, Radiat ion from t h e  l i g h t  
source i s  d ispersed  by t h e  g r a t i n g  a n d  focused on t h e  
ex i t  s l i t  of t h e  monochromator, It then passes  through 
a sapphi re  window and f a l l s  on t h e  experimental  surface. 
This su r face  may be ro ta ted ,  s o  t h a t  t h e  inc iden t  rad ia-  
t i o n  i s  r e f l e c t e d  through an angle  of 35' o r  l45', and 
6 
it may be r a i s e d  80 t h a t  t h e  i n c i d e n t  l i g h t  passes  un- 
disturbed ac ross  the  r e f l ec tomete r  and out  through t h e  
window opposi te  the  monochromator e x i t  s l i t ,  The 
r a d i a t i o n  i s  de tec ted  by a photomul t ip l ie r  which can be 
interchanged between t h e  t h r e e  re f lec tometer  ex i t  por t s .  
The monochromator i s  pumped by an  o i l - sea l ed  
23 
24 
4J 
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r o t a r y  pump. An all-vacuum path f r o m  l i g h t  source t o  
sample i s  maintained b y  an elastomer seal  between the e x i t  
f l ange  o f  t he  monochromator and t h e  entrance f l ange  of 
t h e  reflectometer. The aapphire window i n  t h e  l a t t e r  
flange i a o l a t e s  t h e  r e l a t i v e l y  poor vacuum of t h e  mono- 
chromator from the  u l t r a h i g h  vacuum of the re f lec tometer .  
Reflectometer 
The s t a i n l e s s  s t e e l  u l t r a h i g h  vacuum system may 
be seen i n  Fig. 3 ,  The system i s  pumped by a 1400 l i t e r /  
sec  o i l  d i f f u s i o n  pump, This pump i s  followed by a water  
cooled b a f f l e  (20’ C), a f r e o n  cooled b a f f l e  (-bo0 C), 
and a l i q u i d  n i t rogen  t r a p  (-196°C), 
provided with an o i l  creep b a r r i e r  t o  i n h i b i t  su r f ace  
migrat ion of t h e  d?.&ffusion pump o i l ,  The combination of  
t h e  water- and freon-cooled b a f f l e s  i s  o p t i c a l l y  dense a s  
i s  t h e  l i q u i d  n i t rogen  t r ap ,  The lower b a f f l e s  a r e  de- 
signed ao a s  t o  r e t u r n  condensed o i l  t o  cool  p a r t a  o f  t h e  
d i f f u s i o n  pump, 
Each o f  t h e s e  is 
I n  a d d i t i o n  t o  t h e  oil pumping, t i t an ium aubl i -  
mators have been incorporated i n t o  t h e  u l t r a h i g h  vacuum 
chamber above tb l i q u i d  n i t rogen  t r a p ,  These consilat 
of tungsten wires  wrapped wi th  a b i f i l a r  winding of  
t i t an ium and molybdenum. 
i s  passed through t h e s e  wires, t i t an ium is  sublimated 
o n t o ’ t h e  co ld  sur faces  of t h e  l i q u i d  n i t rogen  t rap .  
When a c u r r e n t  of 35’ t o  40 A 
%tic 
Bellows- Sealed 
Rot. F e e d t h r u  Sample  H o l d e r  
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Froon- Coolod Baf f lo  
Wator-Coolod Baffle 
ULTRA HIGH VACUUM REFLECTOMETER 
Fig, 3. Cross Sec t ion  of the Reflectometer 
The pumping speed of t h e  system can thus be g r e a t l y  en- 
hanced during t imes  of heavy gas load. s6 
much i n  excess of 40 A a re  used, t h e  t i t an ium mel t s  and 
tends  to form g lobules  on the  tungsten w i r e ,  
sul ts  i n  hot  s p o t s  between t h e  b a l l s  of molten t i t an ium 
which d r a s t i c a l l y  reduce the  l i f e  of t h e  f i lament ,  
If c u r r e n t s  
This re- 
The 1400 l i t e r / s e c  d i f f u s i o n  pump i s  backed by a 
l i q u i d  n i t rogen  t rapped 700 l i t e r / s e c  d i f f u s i o n  pump 
which i n  t u r n  i s  backed by a l i q u i d  n i t rogen  trapped 
mechanical pump. 
d i f fus ion  pumpsr These f o r e l i n e  f a c i l i t i e s  provide a 
pressure  i n  the l o m 6  o r  
the  1400 l i t e r / s e c  d i f f u s i o n  pump. 
Convalex-IO 0 d 7  i e r  used i n  both 
t o r r  range a t  t h e  out le t  of 
A l l  demountable s e a l s  above the  j e t s  of  t h e  main 
d i f f u s i o n  pump a r e  accomplished wf th  metal  gaskets.  
Most o f  t h e s e  a r e  pinch-type s e a l s  u t f l i z f n g  copper 
gaskets .  ” The d e t a i l s  of t h e s e  s e a l s ,  a s  they are 
used i n  t h e  p re sen t  ref lectometer ,  have been repor ted  
e l  sewhere* 59 Other t y p e a  o f  s e a l s  were used only where 
it w a s  necessary  t o  match t h e  f l anges  on commercially 
made p i eces  of apparatue,  
It was found that a f t e r  t h e  f i rs t  f e w  bake-outs, 
which were necessary f o r  t h e  i n i t i a l  set-up and t e s t i n g  Of 
t h e  r e f l ec tomete r ,  t h e  system was s u f f i c i e n t l y  c l ean  t o  
reproduce a pressure  of about 5 x 1 0  t o r r  without  -1 0 
. 
2 0  
further baking. This simplified the experimental pro- 
cedure considerably since it meant that It was possible 
to make auccessive runs on different samples without 
having to remove the associated optical equipment for a 
bake-out, Thus the time-consnmlng realignment of the 
monochromator was avoided, The sygtem was always vented 
with dry nitrogen when it waa necessary to open it. When 
the system contamination became great enough to raise the 
base pressure into the l om9  torr range, a 24 to 48 hour 
bake-out at 200' C: restored it to the 10 - lo  torr range. 
The substrate holder was controlled by means of 
a bellows-sealed rotary feedthrough mounted on the top 
plate of the reflectometer. 
thread at the top of the holder made it possible to move 
A 1 6  pitch, 4'' lead multiple 
the sample in and out of the optical path quickly. A 
keyway maintained vertical alignment. All the parts of 
the sample holder were machined from stainless steel; thls 
lead to some friction difficulties which arose after the 
assembly had been kept under ultrahigh vacuum conditions 
for an extended length of time, It sometimes became 
impossible to rotate the sample without fear of exceeding 
the torque limitations of the rotary feedthrough, This 
situation could be allevfated by lubricating adjacent 
moving surfaces of the holder with molybdenum disulfide, 
but only with an attendant degradation (by a factor of 
three or four) of the reflectometer base pressure. 
. 
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Monochroma t o r  
The approach chosen here toward the  o p t i c a l  con- 
s t a n t s  of metals requipss r a d i a t i o n  of known polar iza t ion .  
It w a s  assumed, therefope, t h a t  t h e  r a d i a t i o n  was unpo- 
l a r i z e d ,  It w a s  attempted t o  r e a l i z e  t h i s  condi t ion  by 
u t i l i z i n g  a 1 m monochromaotr (see Appendix I f o r  addi- 
t i o n a l  design d e t a i l s )  i n  which the  r a d i a t i o n  from t h e  
l i g h t  source was very near ly  normally inc iden t  on t h e  
g ra t ing .  The angle  between t h e  en t rance  and t h e  e x i t  
axma i e  35'. 
Ing t h e  g r a t i n g  (1,!+.40 grooves/rmn) about a v e r t i c a l  axis 
through i t s  center.  It i s  used i n  t h e  f i r s t  ou t s ide  
~ r d e r ,  Under t h e s e  conditions,  the ang le  o f  incidence 
a t  t h e  g r a t i n g  of t h e  undispersed r a d i a t i o n  v a r i e s  be- 
tween l l  .Oo and 4.4O i n  t h e  wavelength range between 
1500 and 3000 8, 
Wavelength scans are made by simply r o t a t -  
Light Source 
The l i g h t  source wan a water cooled dc glow 
discharge  i n  hydrogen which provided a l i n e  spectrum 
between 1455' and 1700 2 ( s h o r t e r  wavelengths being ex- 
cludecl by t h e  sapphi re  re f lec tometer  windows) and a 
continuum a t  l o n g e r  wavelengths, Although no eer ioua 
at tempt  was made t o  measure t h e  l i g h t  source pressure#  
c 
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it w a s  always regulated BO that the voltage drop across 
the 3/16" by 6" capillary was about 1.6 kV with a current 
of 220 to 250 .mA. These parameters were sufficient to 
determine the operation of the source. 
It was noticed that the source intensity tiecreased 
when the pressure in the hydrogen tank was l e a s  than about 
300 psig and that the the-stability of the source a l s o  
suffered some degeneracy, These effects were tentatively 
attributed to heavy impurity gases whose presence w a s  not 
noticeable until the tank was nearly empty. 
Detection Equipment 
A l l  intensity measurements were made with a sin- 
gle sodium salicylate-coated photomultiplier, type EM1 
9514S, which could be interchanged between the three 
exit windows of the reflectometer. The photomultiplier 
was mounted in a light-tight aluminum housing which could 
be evacuated to permit the passage of wavelengths shorter 
than 2000 8 from the sapphire window to the fluorescent 
coating on the window of' the photomultiplier, No absorp- 
tion due to residual gas in the photomultiplier housing 
could be detected once the pressure was low enough to turn 
on the photomultiplier high voltage, The housing w a s  
fastened to the appropriate exit flange of the reflecto- 
meter by means of a set of clamps which served both to 
. 
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provide sealing pressure on the O-ring and to align the 
photomultiplier with the optic axis. 
The photomultiplier signal was amplified by an 
electrometer amplifier, E-H Model 201C, and recorded with 
a Leed'a and Northrop Speedomax G, 10 mV chart recorder. 
A 150 pf capacitor was connected across the input termi- 
nals of the recorder in order to minimize photomultiplier 
noise, The photomultiplier high voltage (1.0 - 1.2 kV) 
was chosen to give good signal-to-noise ratio and the 
entrance and exit slits of the monochromator adjusted to 
300p and 48Op respectively to give f u l l  scale response 
for the strongest light 8ource lines on the least sensi- 
tive electrometer range. Scanning speeds of about 
130 8/min for the line spectrum and 300 8/min for the 
continuum were chosen so that lines below 1700 8 were not 
distorted because of the recorder response, which was 
somewhat degraded by the above mentioned capacftor. 
The sodium salicylate coating for the photo- 
multiplier was applied wfth a homemade atomizer, It was 
attempted to reproduce 1.4 mg/cm density recommended by 
Masuda and Sega. 
2 
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Evaporator 
The evaporator was installed in the optic plane 
of the reflectometer, It consisted of six 200 A ceramic 
. 
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i n su la t ed ,  e l e c t r i c a l  feedthroughs welded i n t o  a demount- 
able s t a i n l e s s  s t e e l  flange. The conductors were arranged 
s o  t h a t  a t o t a l  of t h r e e  evaporat ion boa t s  could be in-  
s t a l l e d .  The sample ma te r i a l  was evaporated from e i t h e r  
0.005" wall th ickness  tantalum boa t s  o r  from c o i l e d  
baske t s  made from 3 x P3O" mul t i s t r and  tungsten wire, 
A copper s h i e l d  surrounded t h e  evaporator and 
pro tec ted  t h e  rest  of the system from material which was 
evaporated i n  random d i r ec t ions .  A s h u t t e r  mounted behind 
the s u b s t r a t e  ho lder  w a s  l a r g e  enough t o  i n t e r c e p t  a l l  
evaporant which passed t h e  s u b s t r a t e  during sample pre- 
pa ra t ion ,  It could a l s o  b e  pos i t ioned  so a s  t o  p r o t e c t  
t h e  s u b s t r a t e  su r face  f r o m  t h e  evaporat ion f i l amen t  
du r ing  out-gassing procedures. 
P r i o r  t o  loading, t h e  evaporator  was cleaned by 
washing f i rs t  i n  water, then i n  ac id ,  and f i n a l l y  i n  
c lean  acetone. I n  t h e  case o f  barium, the oxides were 
scraped off i n  a helium atmosphere be fo re  the acetone 
cleaning,  This helium atmosphere was maintained as  much 
as poss ib l e  during t h e  loading operat ion,  and the system 
pumped out a s  quick ly  as poss ib le .  
I . I 
IV. EXPERIMENTAL PROCEDURE 
Measurements 
The r;anpI.e ;=aterial vas leaded i3 tc  t h e  svape??a- 
t o r  and outgassed a f te r  t h e  system pressure  had reached 
t h e  u l t r a h i g h  vacuum range ,  The outgassing process was 
repea ted  u n t i l  i t  w a s  possible  t o  ob ta in  a s l i g h t  evapo- 
r a t e d  depos i t  on t h e  back s i d e  o f  t h e  s h u t t e r  without 
I .  
s e r i o u s l y  exceeding u l t r ah igh  vacuum pres su reso  The 
system waa allowed t o  recover t o  i t s  base pressure  before  
a t tempting t o  produce an experimental  surface. The evapo- 
r a t i o n  was then made as qu ick ly  as possible ,  t he  t h e  
usually amounting t o  l ess  than f i v e  seconds, During the  
l a t e r  evaporations,  the  t i t an ium a u b l i m a t o r s  were operated 
continuously,  The pressure i n s v f t a b l y  rose  t o  the  1 0  
o r  lou6 t o r r  range9 but  dropped back t o  t h e  u l t r a h i g h  
-5 
vacuum range wi th in  a few seconds, 
The usual procedure f o r  a new f i l m  w a s  g e n e r a l l y  
a s  follows. The l i g h t  source w a s  s t a r t e d  and allowed t o  
run  f o r  two o r  t h r e e  hours i n  o rde r  t o  s t a b i l i z e .  An 
i n i t i a l  measurement o f  the i n c i d e n t  i n t e n s i t y  (Io) was 
made before  t h e  evaporation, The s u b s t r a t e  was then 
lowered i n t o  t h e  range of t h e  evaporator,  b u t  shadowed 
33 
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by the  shu t t e r .  The evaporation boa t  w a s  heated u n t i l  a 
s l i g h t  depos i t  w a s  v is ible  on the s h u t t e r .  The s u b s t r a t e  
was immediately ro ta ted  i n t o  p o s i t i o n  i n  f r o n t  of t he  
evaporator  and t h e  evaporation c u r r e n t  increased t o  a 
previous ly  determined maximum value,  
somewhat from experiment t o  experiment, depending appar- 
e n t l y  upon t h e  amount of  material loaded i n t o  the  evapo- 
r a t i o n  boat  and perhaps upon minor v a r i a t i o n s  i n  the  
evaporator  geometry which occurred when i t  was aasembled, 
I n  any case, t h i s  maximum evapora t ion  cur ren t  produced a 
film which w a s  opaque t o  v i s i b l e  l i g h t  i n  a few seconds. 
Chemlcal analysis l a t e r  ind ica t ed  t h a t  t h e  f i l m  thick-  
nesses  ran  from 2000 t o  3000 8. 
"his value  var ied  
Even though the  evaporator was designed t o  c a r r y  
two o r  t h r e e  boats,  there  was only one s u b s t r a t e  ava i lab le .  
It had been hoped t h a t  severa l  experimental  sur faces  could 
be evaporated successively,  This turned o u t  t o  be d i f f i -  
c u l t ,  If a new film of barium w a s  evaporated on t o p  of 
an o ld  one, t h e  new f i l m  u a u a l l y  gave every  appearance, 
bo th  v i s u a l l y  and i n  I t a  i n t e r a c t i o n  wi th  u l t rav io le t  
r ad ia t ion ,  t o  that of a f i l m  which had been s to red  f o r  
a week o r  more under high vacuum condi t ions ,  It would 
have a grey  appearance, probably t h e  same mi lk iness  
repor ted  by OtBryan6' o r  t h e  "bloom" mentioned by 
Maurer I n  one case, an at tempt  was made t o  evaporate  62 
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a s i l v e r  f i lm on t o p  of an o ld  barium film, The s i l v e r  
film s t a r t e d  t o  pee l  o f f  immediately. 
A f t e r  t h e  evaporation was complete, t h e  g r a t i n g  i n  
t h e  monochromator was ro t a t ed  so t h a t  t h e  c e n t r a l  Image 
was focuaed on t h e  e x i t  s l i t ,  The new f i l m  waa t hen  
o r l en ted  s o  t h a t  t h e  br ight ,  v is ible  c e n t r a l  image waa 
centered  on the  normal incidence ex i t  window, Two mea- 
surements were then  made o f  the i n t e n s i t y  r e f l e c t e d  a t  
17.5' (In) 
exit s l i t  and t h e  sample r o t a t e d  80  t h a t  the  beam re- 
f l e c t e d  a t  72.5' was centered on the graz ing  incidence 
exi t  window. Two measurementa of  the i n t e n s i t y  r e f l e c t e d  
a t  t h i s  angle  (I ) were then made, 
g 
o f  Io was made, and then t h e  whole process repeated s o  
t h a t  f o r  a new f i l m ,  the sequence w a s  a s  fol lows:  Io, In, 
The c e n t r a l  Image was again focused on t h e  
A second measurement 
measurements were considered t o  be t h e  f i r s t  run on t h a t  
p a r t i c u l a r  film and t h e  l a s t  s ix t h e  seconcl run on the  
film, The middle Io w a s  used a s  a common check on t h e  
l i g h t  source i n t e n s i t y  f o r  both runs. I n  t h i a  way, a t  
l e a s t  t w o  (and Bometimes, when time permitted,  t h r e e )  
complete r e f l e c t i v i t y  runs, a t  two angles  o f  incidence,  
were made on each f r e s h  f i l m ,  A f t e r  t h e  i n i t i a l  runs on 
a f r e s h  film, f u r t h e r  runs were .made on ensuing days so 
t h a t  aging e f f e c t s  during s to rage  of  the f i l m  could be 
observed. 
. 
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The mafn d i f f i c u l t y  i n  reducfng t h e  experimental 
da ta  w a s  caused by t h e  exis tence of a l a r g e  percentage of 
s c a t t s m d  l i g h t  i n  t h e  output of t h e  monochromator. This 
was a t t r i b u t e d  p a r t i a l l y  t o  t h e  high i n t e n s i t y  of the  
hydrogen continuum and p a r t i a l l y  t o  a g r a t i n g  of d o u b t m l  
quality, This undesired background r a d f a t i o n  w a s  sub- 
t r a c t e d  from t h e  t o t a l  s i g n a l  through the  use of two f i l -  
ters  which could be in se r t ed  between the l i g h t  source and 
t h e  g ra t ing ,  One of t h e  f i l t e r a  was g l a s s ,  opaque for 
h < 2900 1, and t h e  o ther  was potassfurn ch lor ide ,  opaque 
for h < 1750 8, 
I n s e r t i o n  of a f f l t e r ,  say  KClp gave a background 
l e v e l  t h a t  c l e a r l y  consis ted only of wavelengths longer  
than  175’0 8, 
come f r o m  the  contfnuum, b u t  f t  w a s  s t f l l  necessary t o  
c o r r e c t  f o r  that having s h o r t e r  wavelength, 
For tuna te ly  m o s t  of the s t p a y  l i g h t  dfd 
The s c a t t e r e d  l i g h t  waa, of course, most i n t e n s e  
when t h e  s h o r t e r  wavelengths w e ~ 6  focused on t h e  sxit  
sl i t .  
enough t h a t  f o r  two adjacent  l f n e a  It was reasonable t o  
make %he followfng approximation, 
For  Iop t h e  f r a c t i o n  wfth Iscat e 1750 8 w a s  small 
. 
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where I o ( A 1  
hl 2 X2 and Ios i s  t h e  s c a t t e r e d  component cons i s t ing  of 
wavelengths s h o r t e r  than 1750 g.-' 
dence r e f l e c t a n c e  measurements, t h e  s c a t t e r e d  l i g h t  
accuuntsd f o r  a much l a r g e r  p a r t  of t h e  t o t a l  s igna l ,  
because t h e  r e f l e c t a n c e  f o r  t he  pure l i g h t  w a s  ve ry  low 
(about 1% f o r  o l d  films) a t  1450 8 but  increased f o r  
l o n g e r  wavelengths, Thus, t h e  s t r a y  l i g h t  w a s  n o t  as  
s t r o n g l y  modula ted  by the  r e f l ec t ance  curve as t h e  pure 
l i g h t ,  As a result ,  t h e s c a t t e r e d  l i g h t  having wave- 
l e n g t h s  s h o r t e r  than  t h e  K C 1  cu to f f  made a l a r g e  c o n t r i b w  
t i o n  t o  the total .  s i g n a l  a t  1450 8 and c o u l d  not  be deter -  
mined by i n s e r t i n g  t h e  f i l t e r ,  
a n d I o ( h 2 )  a re  pure l i g h t  i n t e n s i t i e s  f o r  
For t h e  normal inc5- 
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ponent seemed t o  be smoothly varyfng func t ions  of wave- 
length,  t h e  t o t a l  s c a t t e r e d  component a t  s h o r t  wavelengths 
was found by demanding t h a t  t h e  r a t i o  of  adjacent  l i n e  
he ights  be t h e  sa- f o r  In as it was f o r  Io' That is, 
f o r  t h e  r e f l e c t e d  d a t a  a t  s h o r t  wavelengths, t h e  following 
was assumed t o  be true and w a s  solved f o r  Ins* 
t s  Here In ( A l )  i s  t h e  t o t a l  normal incidence s i g n a l  a t  hl 
and t h e  q u a n t i t y  In ( A l )  - I ns 
r e f l e c t e d  a t  normal incidence,  
t s  r ep resen t s  t he  pure l i g h t  
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I n  t h i s  l i n e  spectrum region, t h e  background w a s  
obtained by in t e rnxp t ing  the monochromator scanning and 
i n s e r t i n g  the KCL f i l t e r  between the  l i n e s  a t  which the  
data we- taken. 
Par l onge r  wavelengtha, I .e*,  when scanning the 
continumu, the  s c a t t e r e d  l i g h t  l onge r  than 1750 2 was 
passed by the K C 1  f i l t e r  but absorbed by t h e  glass f i l t e r ,  
That is, i n s e r t i o n  of the K C 1  f i l t e r  gave a background 
which a l s o  contained most of the t rue  s i g n a l  and i n s s r -  
=on of the  glass  f i l t e r  yielded a background t h a t  d i d  
no t  inc lude  the  s c a t t e r e d  l i g h t  between 1750 and 2900 81, 
The tacrhniqus f a r  detemnining t h e  background in 
this wavelength region is i n d i c a t e d  schemat ica l ly  in Fig. 
I 
I -  - - I .  --¶- * - %- ---- - L f r  ..-*--c- - 4 d  - -*-a " W  ."vr..,---.,.-- - 2 .r.*.z- " "...a
t a l n i n g  a s ing le  scan of the  spectrum w i t h  t he  var ious  
background levels added, It was observed that ,  i n  the  
range where the  KC1 f i l t e r  w a s  opaque, the  i n t e n s i t y  of  
the s t ray l i g h t  seemed t o  be a func t ion  which decreased 
approximately l i n e a r l y  w i t h  i n c r e a s i n g  wavelength, Th i s  
w a s  also true of the glass background* It was a180 found 
t h a t  i f  the K C 1  l eve l  was e x t r a p o l a t e d  t o  l o n g e r  wave- 
l eng ths r ,  i t  i n t e r s e c t e d  the glass l e v e l  a t  the t rans-  
miss ion  edge of t h e  glass f i l t e r ,  Therefore,  the v a l i d  
s i g n a l  w a s  assnmed t a  be the  d i f f e r e n c e  between t h e  t o t a l  
s ignal  and the  ex t rapola ted  K C 1  l e v e l o  ThZs l a  equivalent 
. 
I -  
I f .  
m 
AlISN31NI 
. 
40 
t o  the assumption t h a t  t he  s c a t t e r e d  component of t h e  outr 
put i n t e n s i t y  c o n s i s t s  on ly  o f  wavelengths longer  than  
t h e  xavelsngtb  focused on t h e  e x i t  slit, The cont r ibu t ion  
of t h e  s c a t t e r e d  l i g h t  was n e g l i g i b l e  beyond 3000 8, 
In p r a c t i c e  t h e  background i n  t h e  continuum region  
was obtained by measuring t h e  KC1 l e v e l  just s h o r t  of 
t h e  K C l  t ranamission edge, During t h e  scan  of t h e  con- 
tinuum, t h e  g l a s s  f i l t e r  w a s  i n s e r t e d  occasional ly ,  This 
level waa then  ex t rapola ted  t o  2900 1 and a l i n e  drawn 
from t h e  l a s t  masured KCl l eve l  S O  t h a t  i t  i n t e r s e c t e d  
the glass l e v e l  a t  t h i s  wavelength, The continuum was 
i n t e r p o l a t e d  a c r o s s  the gap caused by i n s e r t i o n  of t h g  
f i l t e r  when necessary t o  obta in  a datum point ,  
- -  . .  
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from the  s t r i p  char t s ,  a computer was u t i l i z e d  t o  expedite 
t h s , r e a t  of  t h e  da t a  reduct ion ( t h e  For t r an  programs a r e  
l i s t e d  and explained i n  Appendix IX)o As w a s  fnd ica ted  
i n  t h e  preceeding sec t ion  of  t h i s  chaptero  each run 
consieted of six measurements i n  the s p e c t r a l  range 
appropr ia te  t o  t h e  exgerbental  m a t e r i a l ;  two each of 
Io, In, and I 
i n t e n s i t y  p a i r s ,  p r i n t e d  out t he  p r e c i s i o n  ( i n  order  t o  
give a meaaure of  t h e  l i g h t  source s t a b f l i t y ) ,  and then 
c a l c u l a t e d  t h e  r e f l e c t a n c e s  a t  t h e  two angles  of incidence, 
The computer averaged t h e  corresponding 
g' 
The r e f l e c t a n c e  valuea d e l i v e r e d  by t h e  computer 
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were then  used t o  obta in  t h e  o p t i c a l  cons t an t s  f r o m  curves 
s l m i l a r  t o  those shown i n  Fig.  5. These a r e  curves  of  
cons tan t  n and cons tan t  k p l o t t e d  i n  t h e  R(17.S0), ----% -, 
R(72.5') plane. 
cally from t h e  absc i s sa  i n t e r a e c t s  a l i n e  drawn horizon- 
t a l l y  f r o m  t h e  ord ina te .  The p o s i t i o n s  of these  l i n e s  
are, o f  course, determined by t h e  p a i r  of r e f l ec t ances .  
Through the  i n t e r s e c t i o n  o f  theae two l i n e s  w i l l  a l s o  be 
( i n  p r i n c i p l e )  one curve of  constant  n, and one curve of 
cons tan t  k. Thia n and k p a i r  then  corresponds t o  the 
given r e f l e c t a n c e  pa i r .  The curves a c t u a l l y  used f o r  t h e  
d a t a  reduct ion  were drawn on a much l a r g e r  s c a l e  and wi th  
For each datum po in t  a l i n e  drawn v e r t i -  
. a  much h igher  d e n s i t y  of n and k curves. I n  p rac t i ce ,  
f.hn nn-kfep l  e n n p f n n f a  hni? f n  hn 4nCn-.tnnrt hv q n + = = - n - l a -  - - I 
t i o n  between t h e  appropriate  curves. The program used 
t o  genera te  t h e s e  curves is explained i n  Appendix 11, 
The o p t i c a l  constants  thus  obtained were punched 
i n t o  a second deck of I B M  cards  and a t h i r d  (again,  s ee  
Appendix 11) program was used t o  c a l c u l a t e  t h e  complex 
d i e l e c t r i c  constant  E, t h e  energy l o s s  func t ion  I m ( l / E ) ,  
and t h e  su r face  l o s s  func t ion  Im[l/(E + 111, 
r e s u l t s  were p l o t t e d  sepa ra t e ly  so t h a t  any changes due 
These 
to aging of t h e  fflm should not be masked by an aver- 
aging procedure. 
. 
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V. EXPERIMENTAL RESULTS 
. 
. 
c 
The primary purpose of t h i s  work was t h e  i n v e s t i -  
ga t ion  of t h e  o p t i c a l  p rope r t i e s  of barium. However, 
s ince  t h e  equipment employed was new and u n t r i e d  and since 
t h e  experimental  m a t e r i a l  w a s  i t s e l f  d i f f i c u l t  and r e l a -  
t i v e l y  unexplored, i t  w a s  f e l t  t h a t  a c e r t a i n  amount of 
r e p e t i t i o n  o f  o lde r  work was j u s t i f i e d .  Therefore, a 
s h o r t  p re sen ta t ion  of  r e f l ec t ance  reul ts  obtained with 
s i l v e r  i s  a l s o  included in this sec t ion .  
Silver 
s i l v e r  a r e  shown i n  Fig. 6 and t h e  a s soc ia t ed  energy l o s s  
func t ion  i n  Fig. 7. The r e s u l t s  shown i n  t hese  f i g u r e s  
ag ree  q u a l i t a t i v e l y  wi th  previous work. 63 The sharp r i s e  
i n  t h e  r e f l e c t a n c e  a t  t h e  plasma energy and t h e  accom- 
panying minimum of t h e  e x t i n c t i o n  c o e f f i c i e n t  and the  
drop i n  the  r e a l  p a r t  of n '  a r e  g r a t i f y i n g l y  s i m i l a r  t o  
the known p r o p e r t i e s  o f  s i l v e r .  The energy loss func t ion  
shows t h e  f a m i l i a r  sharp  peak a t  3.8 e V  a s  w e l l  a s  a 
secondary broader maximum a t  about 8 eV which has been 
observed by some of the exper imenta l i s t s  of R e f .  62. 
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Fig. 6. Reflectance Data and Optical Constants 
of Si lve r .  
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Fig. 7,  Energy Loss Function for Si lve r  
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The q u a n t i t a t i v e  discrepancies  between these  da ta  and 
those of Ref. 62 a r e  a t t r i b u t e d  t o  some of t he  s c a t t e r e d  
l i g h t  d i f f i c u l t i e s  explained i n  t h e  previous chapter.  
Correct ions f o r  t h e s e  errors have been made i n  the  
barium data  t o  be presented i n  t h e  next  sec t ion .  
No a t tempt  was made t o  f i t  t h e  s i l v e r  da ta  t o  a 
t h e o r e t i c a l  model s ince  the plasma energy i s  determined 
almost e n t i r e l y  by interband t r a n s i t i o n s  and would re- 
q u i r e  ex tens ive  band ca l cu la t ions  on a ma te r i a l  which has 
a l r eady  been we l l  s tudied.  The f r e e  e l e c t r o n  model yields 
a plasma energy of 9.2 eV, an energy which i s  removed by 
n e a r l y  an o rde r  of magnitude f r o m  t h e  experimental value.  
No da ta  a r e  presented f o r  longer  wavelengths be- 
. .  _ .  - _ _  
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o p t i c a l  cons tan ts  be obtained f r o m  t h e  upper r i g h t  hand 
co rne r  of Fig. 5, I n  t h i s  region, t h e  k curves a r e  very 
s e n s i t i v e  t o  t he  normal incidence r e f l e c t a n c e  and a re- 
f l e c t a n c e  e r r o r  of l e s s  than 1.0% can change the  ex t inc-  
t i o n  c o e f f i c i e n t  by a f a c t o r  of t h r e e  o r  f o u r .  The 
experimental p rec i s ion  was not good enough t o  y i e l d  
meaningful da ta  a t  energies  much below t h e  plasma energy. 
Barium 
A t y p i c a l  s e t  of r e f l e c t a n c e  curves f o r  t he  
barium f i l m s  i s  shown i n  Fig. 8, The o p t i c a l  cons tan ts  
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are displayed i n  Fig. 9 and t h e  energy loss func t ions  
i n  Fig.  10. 
There i s  l i t t l e  t o  be noted i n  Fig. 8 except 
f o r  t h e  p rec i s ion  o f  t he  r e f l e c t a n c e  measurements and t h e  
I .  
c 
gene ra l  t r end  of t h e  r e f l ec t ance  data ,  i .e.,  t h e  res- 
pec t ive  increase  and decrease of R 
photon energy, 
and Rn with inc reas i rg  
!3 
The s o l i d  curves i n  Fig,  9 represent  t he  present  
r e s u l t s .  As can be seen,  they  match the dot ted  curves 
which were obtained from Ref. 62, The downward arrow 
i n d i c a t e s  t h e  plasma energy a s  repor ted  by Robins and 
Best.' This value may a l s o  be obtained from Eq, (30) 
i f  t h e  bulk barium dens i ty  i s  used along with the assump- 
- ^ _ -  &--- - - - - -  -1 - L 
i - _ i  - _ - - 4 - i - r  
t h a t  the e f f e c t i v e  e l e c t r o n i c  mass is equal  t o  the  f r e e  
e l e c t r o n  mass. A s  w i l l  be seen l a t e r ,  t h f s  value does 
no t  agree  wi th  t h e  present  work. 
The upper curve i n  Fig. 1 0  i s  the  CEL func t ion  
f o r  barium a s  obtained f r o m  t h e  o p t i c a l  cons tan ts  shown 
i n  Fig, 8. 
higher  than t h e  C E L  reported by R e f ,  6. 
i s  t h e  surface loss funct ion.  The peaks of these  func- 
t i o n s  agree w e l l  w i th  t h e  r e l a t i o n  
The peak o f  t he  f u n c t i o n  i s  d i s t i n c t l y  
The l o w e r  curve 
w S =wJ& ( 3 6 )  
where os i s  t h e  frequency of t h e  surface loss. These 
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CEL func t ions  bear  l i t t l e  resemblance t o  those repor ted  
by R ~ d b e r g ~ ~  i n  1936. 
Af te r  crude ca l cu la t ions ,  i t  was found t h a t  t h e  
present  barium da ta  b o r e  a remarkable resemblance t o  t h e  
simple Drude model o f  m e t a l l i c  o p t i c a l  p rope r t i e s .  
f o r e ,  i t  was attempted t o  f i t  t h e  present  work t o  t h e  
Drude model using a f ixed  va lue  of t h e  plasma energy b u t  
allowing t h e  r e l a x a t i o n  t i m e  CG, t o  be frequency dependent. 
T h e r e  
A s  can be seen f r o m  Fig. 11 ,  i n  which t h e  s o l i d  
curves a r e  a d u p l i c a t i o n  o f  t h e  experimental  curves of 
Fig.  9 and t h e  c i r c l e s  represent  po in t s  on t h e  f i t t e d  
t h e o r e t i c a l  curve, a very good f i t  w a s  obtained. The 
plasma energy corresponding t o  t hese  c i r c l e s  i s  7.415 eV, 
6 Robins and Best. The corresponding energy dependence o f  
'I; i s  seen i n  Fig.  12 where a maximum near 6.5 eV i s  c l e a r .  
It  seems w o r t h  noting t h a t  t h e  present  n and k 
curves c ross  (e1  = 0 )  a t  6.5 eV, an energy which has been 
r epor t ed  a s  the  CEL f o r  barium. As has been mentioned 
before,  t h i s  condi t ion has been considered s u f f i c i e n t  t o  
6 
def ine  the  plasma energy. However, t h i s  i s  only true 
with no damping of the  plasma waves. The a c t u a l  s h i f t  
of t he  plasma energy from t h e  c ross ing  po in t  o f  t h e  n and 
k curves i s  determined by  the  magnitude o f  t he  r e l a x a t i o n  
time 7 .  
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Fig, 11 , Comparison of Experimental Data w i t h  the 
Drude Model. The s o l i d  curves a r e  t h e  same as those of 
Fig. 9. The c i r c l e s  represent  t h e  f i t  of t h e  t h e o r e t i c a l  
curve t o  t h e  expedmen ta l  da ta ,  
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Fig. 12. Energy Cependence of t h e  Relaxat ion Time 
f o r  t h e  Curve F i t t i n g  Shown in Fig. 11 . 
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A s  a check, a second f i t  t o  t h e  Drude model was 
.made us ing  t h e  experimental da ta  between 6.0 and 7.5 eV. 
For  t h i s  narrower energy range, t h e  f i t  t o  t h e  Drude 
o p t i c a l  cons tan ts  was, of course, somewhat b e t t e r ,  b u t  
t h e  gene ra l  results d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from 
those  shown i n  Figs.  11 and 12. 
As t he  barium films were allowed t o  age i n  the 
u l t r a h i g h  vacuum system, a s l i g h t  r i s e  i n  the  r e f l e c t a n c e  
was observed during t h e  f i r s t  24 hours. This increase  
cannot be explained, c e r t a i n l y  no i n t e r f e r e n c e  e f f e c t s  
were observed i n  t h e  experimental wavelength range. As 
t h e  f i l m s  continued t o  age, t h e  r e f l e c t a n c e  decreased 
monotonically, t h e  normal incidence r e f l e c t a n c e  being t h e  
became broader and f l a t t e r  and tended t o  move toward 
lower energ ies  u n t i l  i t  disappeared a l toge the r .  
. 
APPENDIX I 
MONOCHROMATOR DESIGN 
Rowland invented  the  concave d i f f r a c t i o n  g r a t i n g  
i n  1882 when t h e  vacuum u l t r a v i o l e t  was s u f f e r i n g  develop- 
mental  b i r t h  pangs. 65 
m o s t  o f  t h e  u l t r a v i o l e t  instrumentat ion i n  t he  world. 
The f i r s t  r e a l l y  complete t h e o r e t i c a l  treatment of t h e  
concave g r a t i n g  was given by Beutler" i n  1945- 
This g r a t i n g  i s  now the hea r t  of 
Beutler 's  
approach was l a t e r  examined c r i t i c a l l y  and improved upon 
by N a m i ~ k a ~ ~  who found some errors and vagueriea i n  
B e u t l e r ' s  theory  ( re ferences  t o  t h e  development o f  
g r a t i n g  theory  a r e  l i s t e d  copiously i n  Ref. 67) .  
The concave g ra t ing  served we l l  i n  vacuum spec- 
t rographs,  bu t  soon  t h e  development of pho toe lec t r i c  
d e t e c t i n g  devices  l ead  t o  t he  d e s i r e  t o  b u i l d  mono- 
chromators, t h a t  is, t o  bu i ld  instruments  i n  which a 
v a r i a b l e  band o f  n e a r l y  monochromatic l i g h t  could be 
made a v a i l a b l e  a t  a f i xed  p o s i t i o n  ( i n  c o n t r a s t  t o  
spectrographs,  which a r e  highly appropr ia te  f o r  photo- 
graphic  de t ec t ion ,  bu t  i n  which the  var ious  wavelengths 
appear . .  a t  d i f f e r e n t  physical  p o s i t i o n s ) .  Many such 
devices  have been constructed,  including some which a r e  
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s i m i l a r  t o  t h a t  o f  t h e  present  work. There i s  no d e s i r e  
here  t o  t r y  t o  summarize them. However, i t  i s  worth- 
while  t o  mention the  d e s i g n  o f  Seya,68 p a r t i a l l y  because 
i t  seems t o  be t h e  lead ing  monochromator and p a r t i a l l y  
because it i s  a t  l e a s t  mechanically s i m i l a r  t o  t h e  present 
monochromator i n  t h a t  t h e  s l i t s  a r e  f i x e d  and the  only 
motion of t he  g r a t i n g  i s  r o t a t i o n  around a v e r t i c a l  a x i s  
through i t s  center .  
Many o f  t h e  previous monochromator des igners  had 
maintained a geometry i n  which the  g r a t i n g  and t h e  en- 
t r a n c e  and e x i t  s l i t s  stayed on the  Rowland c i r c l e .  This 
necess i t a t ed  complicated and bulky mechanical arrangements 
which w e r e  d i f f i c u l t  t o  apply t o  the vacuum u l t r a v i o l e t .  
c!o-rrs o*,,nh+ 0 -*nmPcwTT 4 . n  ..L:nL CLrr “ 1 4 + ”  --.la 7.- e:--.3 
al though n o t  n e c e s s a r i l y  on t h e  Rowland c i r c l e ,  and i n  
which t h e  only g ra t ing  m o t i o n  was a simple ro t a t ion .  
.- * .  c % L U  ” id _ -  _ _ - -  - ~ . - - . -  - - _  - u 
S e y a f s  technique then was t o  apply Fermat’s I 
p r i n c i p l e  t o  the  l i g h t  path funct ion66 and t o  look f o r  a 
s o l u t i o n  which f u l f i l l e d  the requirements o f  h i s  des i r ed  
geometry and y e t  provided good focus over a broad wave- 
l e n g t h  range. H e  found t h a t  i f  t h e  angle  subtended a t  
t h e  g r a t i n g  by t h e  t w o  s l i t s  was 70°151, he could main- 
t a i n  e x c e l l e n t  focus even wi th  a g r a t i n g  excursion of 
s eve ra l  degrees ( see  Fig. 1 3 ) .  For a one-meter g ra t ing ,  
t h e  s l i t s  should be about 82 cm f r o m  t h e  g ra t ing .  

For t h e  present  work ,  the  focus requirements on 
the  monochromator were not ve ry  s t r i n g e n t ,  but t h e  s t a t e  
of polarization of  the  emergent l i g h t  was s i g n i f i c a n t .  A t  
t h e  t i m e  t h e  equipment was being designed, it was suspec- 
t e d  tha t  a f a i r  degree of p o l a r i z a t i o n  might e x i s t  i n  t he  
Seya geometry, 
monochromator i n  which the l i g h t  f r o m  t h e  en t rance  s l i t  
was nea r ly  normally inc ident  upon t h e  g ra t ing ,  thus min- 
imizing p o l a r i z a t i o n  by r e f l e c t i o n  a t  t h e  g ra t ing .  
Therefore, i t  was decided t o  cons t ruc t  a 
(This 
69 suspic ion  has s i n c e  been j u s t i f i e d  by Rabinovitch e t  al. 
who i n v e s t i g a t e d  t h e  polar iz ing  c h a r a c t e r i s t i c s  of  t he  
Sega monochromator.) 
exit a m  was chosen t o  be 35' (see Fig ,  21, an angle 
which was compatible w i t h  t he  a s s o c i a t e d  apparatus  and yet 
The angle  between t h e  entrance and 
l e f t  s u f f i c i e n t  f l e x i b i l i t y  t o  convert  t h e  monochromator 
t o  a Seya if' it  were t o  be used l a t e r  i n  some o the r  appl i -  
ca t ion .  
The following equations apply t o  any concave 
g r a t i n g  mounting, 
d ( s i n u  + sir$) = nih, 
and 
(37 1 
COSQ)  + (CO$P C O S P  R 1 = 0 ,  ( 3 8 )  
2 
c- 
cos (11 
( r  -R- 
where d i s  t h e  g r a t i n g  constant,  cc t h e  angle  of i nc i -  
dence a t  t h e  gra t ing ,  P the angle o f  d i f f r a c t i o n ,  r the  
d i s t a n c e  f r o m  the g ra t ing  t o  t h e  en t r ance  s l i t ,  r '  t he  
d i s t a n c e  f r o m  t h e  g ra t ing  t o  t h e  focused image, and R 
I 
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the  r ad ius  o f  curva ture  of  t h e  gra t ing .  The s i g n s  of  
a and p a r e  chosen s o  t h a t  they  a r e  d i f f e r e n t  when t h e  
en t rance  s l i t  and t h e  image l i e  on opposi te  s i d e s  of t he  
normal t o  the gra t ing .  Equation (37) i s  simply t h e  
i n t e r f e r e n c e  r e l a t i o n  which a p p l i e s  t o  any g ra t ing ,  
Eq. (38) i s  the s p e c i a l  focus condi t ion f o r  concave 
g ra t ings .  If each of the  terms i n  parentheses  of t h i s  
equat ion  a r e  s a t i s f i e d  sepa ra t e ly  (Rowland c i r c l e  condi- 
t i o n s )  then  n o t  only i s  the image i n  focus, bu t  a l s o  many 
of the higher  order  abe r ra t ions  a r e  minimized. 
equation a s  a whole i s  s a t i s f i e d ,  then i t  can only be 
s a i d  t h a t  the image i s  i n  focus.  
If t h e  
If the  angle  between the  en t rance  and ex i t  s l i t s  
-I - - -  I .  - -  - 0 .  n 1 .  * .  . . *. -I . ' >  
-2 A-L-G- . W A V A A  "&.I= *G-n=  V J  u i ~ = r ~  V L A A L  ~ X ' S " - ~ & Y L A  - w u u b , - - - J  
2 
R 
- 
r '  
( C O S  a - -+ cosa + (COS 
r 
Now t h e  only v a r i a b l e s  are  a (which i s  determined by the  
des i r ed  output wavelength) and t h e  d i s t ances  f r o m  t h e  
s l i t s  t o  the  g ra t ing .  
equat ion i s  solved by, 
I f  r and a a r e  chosen, then t h e  
p '  = cosa(1 - p coscc) sec2 (a - C )  + sec  (a -c>, (40) 
where p = R / r  and p '  = R / r l .  
Eq. (40) guarantee good focus bu t  promise nGthing about 
t he  q u a l i t y  of  the image. 
of t h i s  equation a r e  shown i n  Fig. 14, t h e  parameter i s  p. 
Each o f  t h e  curves i n  Fig. 14 may be considered t h e  
Values of p '  which s a t i s f y  
Solu t ions ,  a s  a func t ion  of  a ,  

I -  
I .  
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defocusing c h a r a c t e r i s t i c  o f  a p a r t i c u l a r  geometry of 
t h e  35’ monochromator. Each curve has a broad minimum a t  
some va lue  of a, o r  equivalent ly ,  a t  some wavelength, t h e  
exact  value of which i s  determined by the  number o f  grooves 
per  u n i t  l e n g t h  of t h e  gra t ing ,  Eq, (37) .  The monochroma- 
t o r  can thus  be designed t o  b e  i n  exact  focus a t  two wave- 
l eng ths ,  separa ted  by an i n t e r v a l  A X ,  say, and have a good 
f o c a l  range approximately equal t o  2 ( A h ) .  A t  t h i s  po in t  
t h e  q u a l i t y  o f  t h e  Seya geometry becomes obvious because 
the  lower curve i n  Fig,  13 i s  shown on t h e  same v e r t i c a l  
s c a l e  a s  the  parametr ic  family i n  Fig,  14. The upper 
curve i n  Fig.  13, t h e  r ec ip roca l  o f  t he  l o w e r  curve, i s  
drawn w i t h  a lox expanded s c a l e ,  
+L= . .nC- - -~  _.-_ 1- e 1 . 1 .  n --- --- I--- L Z  .- - 
0 T f -  o- - L 1 - , _-_ -  0- C ’ b C  - ’ ’ -  i - _  
was ava i l ab le .  T h e d i t  parameters w e r e  chosen s o  t h a t  
f o r  t he  f i r s t  outs ide  order, t he  angle of incidence a t  
t h e  g r a t i n g  o f  t h e  undispersed r a d i a t i o n  va r i ed  between 
11 .Oo and 4.4’ i n  t h e  wavelength range between 1500 and 
3000 8, thus s a t i s f y i n g  the normal inc idence  requi re -  
ments.  
exi t  s l i t  124.6 cm f r o m  the g ra t ing .  
curve l i e s  between the  two lowest curves of Fig.  14. 
This placed t h e  entrance s l i t  70.74 cm and t h e  
The focusing 
For t h i s  arrangement, t h e  focused image was 
always wi th in  3 mm of the e x i t  s l i t .  No at tempt  was made 
t o  measure t h e  m a x i m u m  resolving power of t h e  instrument,  
I .  
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but with the very wide slits mentioned in chapter 111, 
the resolution was better than 3 8 in the design range 
1500 c A a 3000 8*’s’ 
narrower slits indicated that it could have been much 
better, probably less than one Angstrom unit, had the 
intensity transmitted by the sapphire reflectometer win- 
dows at shorter wavelengths permitted narrower slits. 
No calculations were made for the line profiles. 
Qualitative experiments with 
APPENDIX I1 
COMPUTER PROGRAMS 
The fol lowing Fortran I1 programs were w r i t t e n  f o r  
an IBM 1401 i n  order  t o  produce t h e  curves f r o m  which n 
and k were obtained (Fig. 5) and t o  expedi te  the reduct ion 
of t he  r e f l e c t a n c e  da ta .  The 74.01 i s  a b i n a r y  coded 
decimal (BCD), v a r i a b l e  i n s t r u c t i o n  l e n g t h  machine having 
( i n  t h i s  c a s e )  8000 core s torage  loca t ions .  Each of t h e  
i n d i v i d u a l l y  addressable  core spaces i s  capable of 
s t o r i n g  one d i g i t ,  l e t t e r ,  o r  s p e c i a l  cha rac t e r .  Because 
of l i m i t e d  s torage,  t h e  For t ran  I1 software does n o t  
provide f o r  a r i t hme t i c  statement func t ion ,  func t ion  sub- 
rout ine,  o r  subprogram programming. Library  func t ions  
inc lude  SINF, COSF, MPF, LOGF, ABSF, XABSF, FLOATF, and 
The f i r s t  program t o  be considered i s  l i s t e d  i n  
Table I: t h e  a s soc ia t ed  f l o w  diagram appears i n  Fig. 15. 
This program, which was used t o  c a l c u l a t e  the  curves 
shown i n  Fig. 5, computes the r e f l e c t a n c e  f o r  a given n , k  
p a i r  a t  a given angle  of incidence.  
presented here were drawn t o  follow t h e  a s soc ia t ed  Fortran 
programs a s  c l o s e l y  as possible.  S impl ic i ty ,  however, 
(The f l o w  diagrams 
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requi red  t h a t  i n  the  case of loops,  the l o g i c a l  processes 
of the  computer be followed r a t h e r  than t h e  more a b s t r a c t  
language o f  t h e  For t r an  source program, The parenthe t ica l  
numbers r e f e r  t o  sequence numbers i n  t h e  program l i s t i n g . )  
The inpu t  da t a  f o r  t h i s  program (1 ) c o n s i s t s  o f  
one card which i s  punched wi th  t h e  angle  o f  incidence,  
i t s  s i n e ,  cosine,  and tangent, and t h e  page number f o r  
t h e  f i r s t  shee t  of  computer output.  The t r igonometr ic  
f 'unctions could, of course, have been computed by the 
machingbut  t h e  corresponding For t ran  subrout ine r equ i r e s  
more than 400 core spaces, and i n  view of t h e  l i m i t e d  
s to rage  of  t h e  1401, t h e  use of  t hese  subrout ines  would 
have been an extravagance which would have excluded 
_ _ _  - ---- L -  - - - - -  -- i- -.-= r' -a* L.-. -*&&a I ' A Y Y L U  u i i u u  * . .  rn. . . _ - _ _  -. ---- L---L L -  -n  L V  - 
being accepted, t h e  computer p r i n t e d  an i n f  ormatorg 
page heading (3,4) and then ca l cu la t ed  (5-8) c e r t a i n  
func t ions  of  t h e  input  data  which were independent of  n 
and k but which would be used r epea ted ly  i n  the  program. 
The s t a r t i n g  value of the  r e a l  p a r t  of t h e  index of  
r e f r a c t i o n  i s  s e t  by (13) .  
(l4,l5> which i d e n t i f i e d t h e  columns o f  numbers t o  appear 
l a t e r ,  and the s t a r t i n g  value of k s e t  ( 1 9 ) -  Since the  
ca l cu la t ed  r e f l e c t a n c e s  were t o  be p r i n t e d  i n  sets o f  
t en ,  the  v a r i a b l e  L was invented t o  count t h e  ca lcu la-  
t i o n s  and t o  inform t h e  computer when i t  was t ime t o  
A subheading was then  p r in t ed  
I 
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p r i n t  an output l i n e .  The da ta  were p r i n t e d  i n  blocks of  
100 numbers ( t e n  r e p e t i t i o n s  of t h e  v a r i a b l e  L through 
the  range 0 < - L 10) f o r  which n was s p e c i f i e d  and k 
var i ed  through a p r e s e t  range (1 6 ~ 9 ) .  Therefore, a f t e r  
each l i n e  was pr in ted ,  the computer checked t o  f i n d  out 
i f '  t h e  e n t i r e  range of  k had been covered. A f t e r  each 
block o f  d a t a  (corresponding t o  one value o f  n )  had been 
p r i n t e d ,  t he  machine checked t o  s ee  i f  i t  had come t o  
t h e  end of a page (36 ) ,  i f  so, it added one t o  t h e  page 
number and p r in t ed  a new page heading, otherwise it 
simply p r i n t e d  a new subheading and continued t h e  r e f l e c -  
tance ca l cu la t ions .  When the  upper l i m i t  o f  n had been 
reached(46) t h e  computer went t o  t h e  s t a r t  of the program 
an6 prepared tu Ac~az  :..pu- :at,= a L i  w a i i ~ i l i i i , ~  
r e f l e c t a n c e s  f o r  a d i f f e r e n t  angle of incidence.  
The program used t o  convert  t he  raw da ta  i n t o  
r e f l e c t a n c e s  i s  l i s t e d  i n  Table 11, the  flow diagram i s  
given i n  Fig. 16, and t h e  output i s  shown i n  Tables I11 
and I V .  The raw da ta ,  when taken f r o m  t h e  cha r t s ,  con- 
s i s t  of a p a i r  o f  numbers f o r  each i n t e n s i t y  measurement 
a t  a p a r t i c u l a r  wavelength. One of these  numbers repre-  
s e n t s  t h e  l i n e  he ight  as measured on the  c h a r t ,  t h e  
o the r  i s  an  i n t e g e r  ( f fxed poin t  number) which i d e n t i f i e s  
t h e  e lec t rometer  range applying t o  t h a t  p a r t i c u l a r  mea- 
surement. A t  each wavelength o f  each r u n  t h e r e  were s ix  
69 d 
W 
0 
4 
b 
k 0 
hl 
n z 
4 Q 
0 
E 
Q 
Y 
0 aB 
rl 
k 
0: 
0 * 
L: 
rl 
0 
Y a 
e 
a 
u, 
aLuc 
a c w  
ZI 4 
rr) 
c 
I 
2 
3 
w 
Q 
4 
t 
z 
0 
a 
LLI 
c r 
3 
0 r. B 
4J 
k 
0 
P c 
0 u 
0 
4J J S 
3 z 
a -  
I: 
- * 
0 
c 
z 
u 
x 
Lu 
v 
0 
L T I  c 
c 
m 
z 
4 = 
a 
c- 
\ 
f f  
u a  z 
0 d 3  
0 c U 0 
k * 
k 
8 
0 
In 
I* 
S 
OL 
0 
IA 
n z 
w 
It 
0 a’, 
H 
H 
@ 
rl 
P 
cd 
B 
d 
3 0 
0 0 
0 4 
0 0  
.;t v! 
4 
L) 
0 
Lu 
m 
d 
. 
I -  
N 
70 
w 
0 
a 
a 
c z 
iLI 
E 
w 
t 
I- 
# 
a 
z 
a 
aL 
rr: 
0 
LL 
I- 
c 
0 
u - 
Y 
H n 
0 
d n 
c 
# 
0 0 0  
cv d m  
0 
0 
U 
m 
4 
0 
S 
m 
a 
CI 
a 
0 
0 
0 
0 m 
a 
S rl 
Lu 
0 a 
m 
d 
in 
m 
0 
9 
h 
M 
.I 
0 
a 
c 
z a 0 
a 0 0 
0 
UJ 
I 
w L L  
\ 
4 
m 
ry 
e 
d 
(1 
w 
w 
Q 4 
LI 
c 
a 
t 
ul 
Lu 
0 
W 
I 
7 N 
w 
A 
LL 
W 
M 
c 
9 
c 
z 
J 
M 
a 
0 z I z z ry z rn 0 (0 
0 
c 
0 
c 
ry w 
3 z 4 0 lr. 
(I 
0 z 0 z 0 O b  
9 2  
U 
0 
0 
Is. 
0 z bc L c c  z z  4 r 
0 
U 
a 
W 
S 
Lu 
bc 
* 
x 
w 
a 
Q: 
0 
U 
0 
2 
w 
nu 
a s  n o  
z 
0 
L) 
D U  
O h  
S 
S 
0 
0 
0 u 
. 
-Q 
c 
0 
u 
u 
b o  0 0  z o  0 0  
f r r ,  mry 
c 
m 
0 0 0  
IC- 9 a D  
0 0  
0 0  ?-a 
4 
V 
H 
H 
Q 
d 
P 
0 
I3 
72 
U 
* 
c 
0 
u 
Y 
H 
H 
0 
rl 
P 
W 
0 
a a 
VI 
d 
Ncr) 
Q O D  
73 
4 YO of ooeos roq'a 
t o  *oa4(. mta. 
t 
talc .  EV. 
FV. RN, RG. 
A 
Fig. 16. F l o w  D i a g r a m  f o r  For t r an  P r o n r a m  Listed u 
i n  T a b l e  IT. 
. . ~ . .  
.. 
- - -  . 
8 .  
0 
4 
0 
.I 
... .. - 3 
c -c 
i = - -  ---. 
* 0 *  
... 
0 * -  
- s i  
-5:: 
0 . .  
i 
U . 0 .. 
.... .......... 
L 
.c 
5 
Y 
c 
e L
-I 
L 
0 -
,..... ..... 
.*-- 
e 
........ - - *  
* - - 4  
c - ' 3  
e-* .. ..I -. 
... 
o c a  
1 ... 
3 - -  
-4 Y e 
-- 
. 
75 
X 
h ............... 
v Y o Y o v o o o o v o o u o  
76 
For 
g’ 
such p a i r s  of  numbers--two each f o r  Io, In, and I 
each d a t a  poin t ,  one card was punched w i t n  these  numbers. 
The program normalized t h e  data ( t o e . ?  mul t ip l i ed  t h e  
d a t a  by t h e  r e l a t i v e  e lec t rometer  s e n s i t i v i t y  and hence 
converted a l l  the  i n t e n s i t i e s  t o  a common s c a l e ) ,  averaged 
it, and ca l cu la t ed  t h e  prec is ion  a t  each wavelength. 
This information was pr in t ed  along w i t h  t he  corresponding 
wavelength (Table 111) ,, The computer then ca l cu la t ed  
and p r i n t e d  t h e  r e f l ec t ance  p a i r  Rn and R 
convenience, t h e  photon energy (Table IV). 
and, f o r  
g’ 
The program was w r i t t e n  so  t h a t  t h e  number of 
datum po in t s  could be changed from t i m e  t o  t i m e .  There- 
f o r e ,  s t a r t i n g  now i n  the upper l e f t  hand corner  o f  Fig. 
? 5  (ir: :;.hich T G ~ ~ G . ~ ~ I C  ZGZSB G ~ S  nri t te i i  xiti1 c a p i t a l  
l e t t e r s ) ,  t h e  f i r s t  operat ion i s  t o  read the number o f  
datum po in t s  t o  be considered f o r  t h e  ensuing run.  
Having learned  t h e  number of datum po in t s  (NtJMLAM), the  
computer then  reads  t h e  corresponding wavelengths f r o m  
t h e  next  NUMLAM cards  and writes them as successive 
records on magnetic tape  (3 -8 ) .  
datum po in t s  i s  va r i ab le ,  i t  i s  then necessary f o r  t h e  
machine the  c a l c u l a t e  (9-14) the  number of pages re- 
qui red  t o  r ep resen t  t h e  data  i n  the p r i n t e d  output.  
Heading information i s  then read f r o m  t h e  next t h r e e  
cards  (15? 16)  which include comments on the  run  (ls), 
Since t h e  number of 
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t h e  d a t e  of evaporat ion o f  the  f i l m  (161, t he  da te  of t h e  
measurement, and a s e r i a l  and run number which was a s s i g -  
ned t o  each da ta  s e t  ( 1 6 ) .  The r e l a t i v e  e lec t rometer  
s e n s i t i v i t i e s  a r e  obtained from t h e  next  card (17)  and a 
page numbering sequence which l a b e l s  t h e  number of pages 
f o r  t he  p a r t i c u l a r  da t a  s e t  i s  s t a r t e d  (18).  The v a r i -  
a b l e  IPAGE e x i s t s  only f o r  the convenience of  those 
using t h e  r e s u l t s  o f  t h e  computation. The program does 
n o t  a t  any time branch on t h i s  v a r i a b l e  and it  should 
n o t  be confused wi th  N (19) which i s  the loop  index. The 
t e s t  value J f o r  t h i s  l o o p  determines the number of pages 
i n  t h e  output. 
The information obtained i n  sequence (15, 16)  i s  
or \ p r i n t e d  (221-26) alurig wiiii ~ u i i e r . f t i i  cur i s t t r r i t t i  (27 ,  U I  I 
which provide the  column headings ( see  Table 111). The 
number of l i n e s  ( 2 9 )  f o r  t h e  page i s  ca l cu la t ed ,  Here 
e i t h e r  MM = 50 o r  MM = NllMLAM - 50 x (some i n t e g e r ) ,  i .e.,  
t h e  t o t a l  number o f  datum poin ts  (NcTMu1M) minus some 
m u l t i p l e  of 50. The l a t t e r  a l t e r n a t i v e  always results i n  
a value less than 50 f o r  MM. ( I n  o the r  words, f o r  109 
datumpoints, MM = 50 f o r  t h e  f i r s t  t w o  pages and MM = 9 
f o r  the t h i r d  and l a s t  page.) The l i n e  counting DO 
index, NN, i s  e s t ab l i shed  by ( 3 0 ) .  The next NUMLAM 
cards  now conta in  t h e  raw da ta .  The i p t e n s i t i e s  A 
and t h e  corresponding electrometer  ranges I a r e  read (31) 
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(each of t h e  v a r i a b l e s  A, I a r e  a c t u a l l y  six-element 
a r r a y s ) ,  and t h e  raw i n t e n s i t i e s  replaced i n  s to rage  
by t h e i r  normalized values (32-34). The r e f l e c t i v i t i e s  
a r e  ca l cu la t ed  (35, 3 6 )  and t h e  normalized i n t e n s i t i e s  
i n s e r t e d  i n  t h e i r  proper  pos i t i ons  i n  the output a r r a y  
DATA (37-40) f o r  l a t e r  p r i n t i n g  (46). The average and 
p r e c i s i o n  f o r  t h e  i n t e n s i t y  p a i r s  a r e  ca l cu la t ed  i n  
(41 -43) a The corresponding wavelength i s  obtained f r o m  
Tape 1 (&I, t h e  wavelength and r e f l e c t a n c e s  a r e  w r i t t e n  
on Tape 2 f o r  l a t e r  reference (451, and t h e  results of  
the normalizat ion and averaging processes  p r i n t e d  (46) 
i n  t h e  format shown i n  Table 111. This process i s  con- 
t inued,  p r i n t i n g  new page headings when necessary, u n t i l  
- 1 7  - P  +L- :----+ anCn koa hnon n m n n e a a a d  QII V  U L A U  L A l p U U  U U Y U  &-&a Y V V L A  I-""----,-- 
The computer i s  now f i n i s h e d  processing t h e  da ta ,  
bu t  has n o t  been ab le  t o  d i s p l a y  it because t h e  p r i n t e r  
forms  a r e  n o t  wide enough t o  inc lude  the  r e f l e c t a n c e s  
along w i t h  the  o t h e r  information i n  Table 111. This 
informat ion  m u s t  now be r e t r i e v e d  f r o m  Tape 2 and printed.  
The page headings which had been used on t h e  pre- 
ceeding pages a r e  pr in ted  aga in  (52-59) and t h e  l i n e  
counting c a l c u l a t i o n s  repeated (61 The wavelength and 
r e f l ec t ances  a r e  read f r o m  Tape 2 (631, t h e  photon energy 
ca l cu la t ed  i n  eV (641, and the  r e s u l t  p r i n t e d  a s  shown 
i n  Table I V .  If any number o the r  than  zero has been 
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punched i n  any of co ls .  13 - 1 6  o f  the t h i r d  card o f  t he  
da t a  se t  ( t h e  card which a l s o  inc ludes  the d a t e  of 
measurement, t h e  s e r i a l  number, and t h e  r u n  number), then  
t h e  va lue  of LAMCNG i s  d i f f e r e n t  f r o m  zero and the program 
prepares  t o  read a new set of wavelengths. If LAMCNG = 0, 
i t  branches back t o  (15) and cont inues processing a new 
set  of  da t a  cards,  bu t  us ing  the o r i g i n a l  s e t  of  wave- 
lengths  w r i t t e n  on Tape 1 .  
t i o n  t o  t h e  program but  i t s  use  i s  somewhat ponderous 
because the  LAMCNG s i g n a l  m u s t  be punched i n  t h e  heading 
cards  of  t h e  s e t  preceeding t h a t  t o  which i t  app l i e s .  
It  was easy  t o  add t h i s  op- 
A f t e r  t h e  blank columns i n  Table I V  had been 
f i l l e d  i n  manually by reading n and k f r o m  c h a r t s  s i m i l a r  
fl t o  t h a t  Y ~ O W I I  i r i  FLg. 3, ti s s c ~ n d  deck sf C G F ~ S  h a ~ i ~ g  
the  same heading cards  a s  the  deck conta in ing  t h e  raw 
d a t a  was punched. This deck was used i n  conjunction wi th  
t h e  program l i s t e d  i n  Table V t o  c a l c u l a t e  the components 
of t h e  complex d i e l e c t r i c  constant  and the  energy l o s s  
f 'unctions I m ( l / E >  and I m [ I / ( E  + 1 ) I .  
explanat ion f o r  t h i s  program i s  g iven  because it i s  
l o g i c a l l y  very  s i m i l a r  t o  t h a t  of Fig,  14. 
i s  s h o r t e r  because t h e  p r in t ed  output  i s  s impler  and 
does n o t  r equ i r e  t h e  intermediate  use  of magnetic tape ,  
N o  f l o w  diagram o r  
The program 
The r a t h e r  complicated EQUIVALENCE and DIMENSION 
s ta tements  of t hese  l a s t  t w o  programs were necessary i n  
I -  , 
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order  t o  arrange c e r t a i n  o f  t h e  s t o r e d  va r i ab le s  i n  con- 
secu t ive  s torage  loca t ions  i n  t h e  computer. Thus the  
numbers occupying c e r t a i n  addresses  could be t r e a t e d  a s  
i nd iv idua l  v a r i a b l e s  a t  one time and a s  p a r t s  of an a r r a y  
a t  o the r  t i m e s .  The m a i n  advantage of t h i s  occurred i n  
some o f  t h e  input/output l ists--  (16, 25, 26, and 46) 
of Table 11--which would have taken up much more s torage  
space i f  t h e  v a r i a b l e s  had been named separa te ly .  
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ABSTRACT The o p t i c a l  p rope r t i e s  o f  evaporated s i l v e r  and barium f l m r  
have been Inves t iga t ed  i n  t h e  wavelength range from 1500 t o  3000 i , 
Reflectance measurements 31th unpolBrized l i g h t  were made a t  two 
angles  of  incidence,  17.5 and 72.5 , and t h e  components o f  t h e  com- 
plex index of  r e f r a c t i o n  3btained f r o m  g raph ica l  s o l u t i o n s  of t h e  
Fresne l  equatiDns, The films w e r e  prepared i n  an u l t r a h i g h  vacuum 
ref lec tometer  having a base pressure Df about 5' x 10-10 t o r r .  
t i o n  from a hydrogen glow discharge l i g h t  source  was d ispersed  by a 
normal incidence vacuum monochromator which was o p t i c a l l y  connected 
t o  t h e  u l t r a h i g h  vacuum system by means of a sapphire  window, The 
energy loss func t ions ,  a s  c o m p u t e d  f r o m  t h e  o p t i c a l  cons tan ts ,  were 
compared with published c h a r a c t e r i s t i c  e l e c t r o n  loam data .  The 
complex index of r e f r a c t i o n  of barium was f i t t e d  t o  a Drude m o d e l  
f o r  which the  plasma energy was f ixed  a t  7.42 eV and t h e  damping was 
allowed t o  be energy dependent. 
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